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Chapter I 
General Introduction 
Reading all these names, and adding up the sum of the intellectual efforts they represented 
in every field of research, il was tempting to thmk thai surely one of the theories quoted must 
be correct, and that the thousands of listed hypotheses must each contain some grain of truth, 
could not be totally unrelated to the reality. 
Stanislaw Lem 
1 Why should we move our eyes? 
The central part of the primate retina contains an area of densely packed photore-
ceptor cells. As a consequence, visual acuity is highest in this so-called fovea and 
decreases progressively towards more peripheral parts of the retina. If an object of 
interest appears in the peripheral visual field, a foveate animal will make an orient-
ing movement in order to place the visual image on the foveas of both eyes, thereby 
enabling subsequent identification of the object. For relatively small target eccen-
tricities, this is usually accomplished by generating eye movements, while for larger 
eccentricities head movements and even body movements come into play. Since vi-
sion is severely degraded during rapid eye movements, the duration of the movement 
should be kept as short as possible and a fast rotation of the eye, known as a saccade, 
ensues. 
In addition to the saccadic system, several other eye movement subsystems have 
been the object of extensive investigations (see Carpenter, 1988; Leigh and Zee, 1983). 
The smooth pursuit system, which allows a slowly moving target to be tracked in 
order to keep it on the fovea, and the vergence system, which enables binocular 
fixation of objects moving in depth toward or away from the subject, are again found 
only in foveate animals and team up with the saccadic system to generate gaze-
chavgmg movements. The vestibular ocular reflex (VOR), which ensures stabilization 
of the retinal image during rotations of the head by a slow counterrotation of the 
eyes, and the optokinetic system, which generates slow phases to assist the VOR 
in the low-frequency range, both operate to prevent the velocity blur resulting from 
retinal slip. These systems are engaged in gaze-holding movements. The fact that 
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the VOR does not compensate completely for head rotations may help in preventing 
perfect image stabilization, which would entail rapid fading of the retinal image due to 
adaptation of the photoreceptors. Miniature eye movements (microsaccades), which 
are not under voluntary control, may serve a similar purpose, although their precise 
function is not well understood. For a delightful description of the phylogeny of eye 
movements, see Walls (1962). 
In this thesis, we will deal only with the characteristics of saccadic eye movements 
and will try to relate them to the properties of the neural substrate responsible for 
saccade generation. In this chapter, we will have a closer look at some of the neural 
structures, located in different regions of the brain, which are presently known to 
participate in the generation of saccadic eye movements. In discussing the organiza­
tion of the saccadic system, we will outline the path of the visual signal travelling 
from the retina through the oculomotor system, meanwhile being transformed to 
an appropriate set of command signals for the eye muscles, which eventually align 
the fovea and the visual target. For a recent, detailed description of the anatomi­
cal structures underlying the generation of eye movements, see Nieuwenhuys et al. 
(1988). In Chapter II, a quantitative analysis of several metrical, dynamical and tim­
ing properties of different human saccade types, obtained in different experimental 
paradigms, is presented. Partly as a follow-up on the results of Chapter II, we have 
investigated the characteristics of saccades in predictive tracking. This research led 
to the interesting discovery, described in Chapter III, that stimulus-induced changes 
in saccadic properties may occur at surprisingly short latencies. In Chapters IV and 
V, we compare the behaviour of several quantitative two-dimensional models of the 
saccadic system with human data, obtained in two experimental paradigms. In Chap­
ter IV, we consider the dynamical aspects of the cooperation of the horizontal and 
vertical saccadic subsystems (see below). The saccadic trajectories resulting from 
this cooperative action are studied in Chapter V. 
2 Overall organization of the saccadic system 
2.1 Visual cortex 
After extensive processing in the retinal neural network and the lateral geniculate 
body, the visual signal reaches the primary visual cortex (area 17) in the occipital 
part of the brain. Unlike neurons at higher levels in the system (see below), neurons 
in this part of the cortex have been found to ρ "tond to all kinds of visual stimuli, 
regardless of whether they are a target for an eye movement and irrespective of 
whether they are in any way related to the task at hand. In the primary visual 
cortex, different physical aspects of the visual stimulus (size, orientation, movement, 
shape) are extracted by several types of neurons (for a review see Livingstone and 
Hnbel, 1988). 
This region has projections to many cortical (e.g., parietal cortex, frontal eye 
fields) and subcortical (e.g., basal ganglia, superior colliculus) oculomotor areas, as 
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well as to the cerebellum. Thus, it is not surprising that saccades can be elicited 
from the visual cortex by electrical stimulation (Keating et al., 1983; Keating and 
Gooley, 1988). Effective currents are generally higher than in the frontal eye fields 
(see below), and the resulting saccades have long latencies. These eye movements 
may be merely responses to artificially induced percepts ("phosphenes"). In the 
same vein, it is commonly assumed that the effects of lesions of the visual cortex on 
saccadic eye movements are due to loss of vision, rather than to actual oculomotor 
impairment (Carpenter, 1988). Yet, interestingly, the visual cortex has been shown 
to receive information about ongoing eye movements, partly from proprioceptive sig-
nals originating in the eye muscles and partly from efference copy. Presently, the 
proprioceptive inputs are believed to be important for the normal development of 
binocular vision (Carpenter, 1988) and to play no immediate role in the control of 
eye movements. The efference copy signal has been reported to arrive with surpris-
ingly long latency (80 ms or more, relative to saccade onset), possibly in order to 
synchronize their arrival in the visual cortex with reafferent visual signals caused by 
the eye movement, which have latencies of about 40 ms, or considerably longer in the 
case of low-intensity stimuli. 
2.2 Posterior parietal cortex 
Extensive discussions of functional and anatomical aspects of the posterior parietal 
cortex are found in Lynch (1980) and Andersen (1987). This area is part of the 
so-called association cortex, indicating that it is involved in higher cortical func-
tions. Since it receives inputs from the visual cortex (see above) as well as from 
the somatosensory cortex, it has been considered to play an important role in the 
integration of these modalities. This view is supported by the deficits in spatial 
perception and visuomotor integration, produced by lesions of this region, such as 
contralateral neglect in the case of unilateral damage (for illuminating examples of 
this phenomenon, see Andersen, 1987). We will only consider the role of this area in 
the saccadic system. 
The experiments of Mountcastle and coworkers (1975, 1981, 1987) clearly indicate 
that the posterior parietal cortex plays an important role in orienting attention to 
a target (see also Bushnell et al., 1981). When the monkey is fixating (expecting a 
reward-related peripheral visual stimulus), neurons in this area are seen to respond 
more briskly to a new stimulus appearing in their visual receptive field than when no 
reward is expected. A subset of neurons in the posterior parietal cortex are known 
to exhibit saccade-related activity. Some of these cells are active in conjunction 
with purposeful saccades, but remain silent when the animal makes spontaneous 
saccades. The activity is found to depend on the direction of the movement, not 
on its amplitude, and precedes saccade onset by an average of about 60 ms. Very 
recently, Gnadt and Andersen (1988) have reported the existence of posterior parietal 
neurons that are active during the period that the monkey has to withhold the saccade 
while remembering the desired target location, a finding which is reminiscent of the 
behaviour of frontal eye field neurons (see below). 
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Andersen et al. (1985, 1987) have suggested that this area is only indirectly 
involved in the generation of saccades. This spatial-perceptual area is probably in-
formed, by efference copy signals from oculomotor centers or by proprioceptive input 
from the extraocular muscles, that an eye movement is occurring and may play a role 
in representing stimuli in head coordinates. 
Keating and coworkers (Keating et al., 1983; Keating and Gooley, 1988) have 
presented evidence that the signals for the generation of saccades in both the poste-
rior parietal cortex and the striate cortex may have only two routes of access to the 
oculomotor system. In their studies, the saccadic eye movements normally elicited 
by electrical stimulation of these cortical areas are abolished if cooling the superior 
colliculus, or cutting its efferente, is combined with ablation of the frontal eye fields. 
According to these authors, this indicates that these cortical regions influence the 
oculomotor nuclei either by input to the frontal eye fíelds or by input to the superior 
colliculus. A similar dual pathway has been proposed on the basis of a study of vi-
sually guided saccades in patients with unilateral cortical lesions (Pierrot-Deseilligny 
et al., 1987). 
2.3 Supplementary motor area 
The supplementary motor area (SMA) is located in the frontal part of the brain, 
close to the midline. In addition to numerous other neural target areas, the ros-
tral part of the SMA has been shown to project to the superior colliculus (Kiinzle, 
1978; Leichnetz et al., 1981). In this area, Schlag and Schlag-Rey (1985, 1987) have 
found neurons that discharge prior to spontaneous saccades (i.e., not contingent with 
the presentation of a visual target), both in the light and in darkness. Some of 
these neurons are even exclusively activated before spontaneous saccades, not before 
visually-triggered saccades. This activity preceding spontaneous saccades contrasts 
strongly with the absence of similar activity in the frontal eye fields (see below). In 
their cerebral blood flow study, however, Fox et al. (1985) have found enhanced SMA 
activity during the performance of every motor task. 
Recently, this area has indeed been shown to exhibit more complicated task-
related behaviour (Wise and Desimone, 1988). For example, in an investigation in 
which a variety of behavioural paradigms was used, the results of single-unit record-
ing and microstimulation were seen to be closely linked to those motor acts that 
contributed to successful completion of the task at hand (Mann et al., 1988). The 
activity of these neurons is modified when the animal is retrained on a slightly dif-
ferent task but, interestingly, whenever similar movements are executed outside the 
context of the task, these neurons lack activity. Electrical stimulation in this region 
yields saccades which converge on a specific spatial location. Again, this location can 
be altered after retraining. On the basis of these results, the authors propose that 
this area "encodes actions in terms of goals irrespective of their underlying motor 
apparatus". Another case in point is the finding of Roland et al. (1980), in their 
blood flow study in humans, that high metabolic activity is present in this region 
both when a movement is actually executed and when the same movement is only 
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imagined. This kind of activity is quite unlike what is encountered in the frontal eye 
fields, to which the SMA is reciprocally connected (Huerta et al., 1987). 
2.4 Frontal eye fields 
Also in the frontal region of the brain, we encounter the so-called frontal eye fields 
(FEFs), whose role in the execution of saccades has long been uncertain. In early 
neurophysiological recording experiments, Bizzi has found FEF neurons that are 
active during, but not before, saccadic eye movements and maintain their discharge 
until after saccade offset (Bizzi, 1968; Bizzi and Schiller, 1970). Although it has 
been possible elicit saccadic eye movements by electrical stimulation in the FEFs 
(Robinson and Fuchs, 1969), the timing of firing activity found in FEF cells has led 
to the suggestion that "the frontal eye fields are not directly involved in events leading 
to initiation of voluntary eye movement" (Bizzi, 1968). Fox et al. (1985), measuring 
the blood flow in the human brain (which is related to its metabolic activity) using 
positron emission tomography, have reported a predominantly motor function for 
the FEFs. Mohler et al. (1973), however, have shown that a subsection of FEF 
neurons responds to visual stimuli, and that this visual response is enhanced when 
the monkey makes a saccade to the stimulus in the receptive field (Wurtz and Mohler, 
1976). The long-term effect of FEF lesions on saccadic performance appears to be 
minimal (Lynch, 1987; Pierrot-Deseilligny et al., 1987). 
Later on, other investigators have shown that the FEFs can also take part in the 
initiation of saccadic eye movements. In addition to neurons firing during and after 
saccades, many studies have reported neurons that exhibit enhanced activity shortly 
before a saccade in a specific direction occurs (Wurtz and Mohler, 1976; Goldberg 
and Bushneil, 1981; Bruce and Goldberg, 1985; Goldberg et al., 1986). In contrast 
with this saccade-related enhancement, the occasional enhancement of responses of 
area 17 neurons to visual target stimuli, even when the response is not followed by 
a saccade (Wurtz and Mohler, 1976), seems to be due to general arousal. According 
to Bruce and Goldberg (1985), the majority of FEF neurons exhibit some form of 
activity prior to visually guided saccadic eye movements but not before spontaneous 
saccades. Apparently, task-related activity is present in the FEFs even in a simple 
visual tracking paradigm. This activity has been shown, in different neurons, to ex-
tend from purely visual to purely movement related. If the tracking task is made 
more complicated by introducing a forced delay between stimulus presentation and 
motor response, thus necessitating the engagement of memory-related processes, the 
activity of many FEF neurons is prolonged until the saccade is actually initiated 
(Deng et al., 1986; Joseph and Barone, 1987; Segraves and Goldberg, 1987). The 
apparent discrepancy between these recent findings and the earlier studies mentioned 
above may be due to the fact that Bizzi recorded from monkeys that were not re-
quired to execute a specific task. Instead, his animals were making spontaneous eye 
movements, while scanning the surroundings. 
Guitton et al. (1985) have recently shown that the FEFs play an essential role in 
the execution of a task which requires the suppression of reflexive behaviour. Using 
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the anti-saccade paradigm (Hallett, 1978), in which the subject is asked to make a 
saccade away from the visual stimulus, they have found that patients with frontal 
lobe lesions (including the FEFs) are unable to generate anti-saccades. Instead, they 
very often make a (forbidden) saccade towardi the visual cue stimulus, indicating 
that in this condition the suppression of "reflexive" saccades is strongly impaired. 
This phenomenon may be due to the inability of these patients to suppress unwanted 
activity in the collicular motor map by FEF mediated inhibition via the basal gan-
glia (see below). These data provide evidence for the idea that the frontal cortex is 
involved in the selection of motor strategies (Goldberg and Segraves, 1987). More-
over, Bruce and Borden (1986) have presented preliminary data that implicate the 
FEFs in the generation of predictive saccades in the monkey. Work reported in this 
thesis shows that anti-saccades (Chapter II) and predictive saccades (Chapter III) 
have properties which are distinct from those of visually-guided saccades in several 
respects. 
The now obvious importance of the FEFs in generating saccadic eye movements 
is underscored by their efferent connections to other neural structures involved in 
saccade control. In addition to a direct projection to the oculomotor nuclei in the 
brainstem (Huerta et al., 1986; Leichnetz et al., 1984; Stanton et al., 1988b), the 
FEFs project to the superior colliculus (Huerta et al., 1986; Leichnetz et al., 1981; 
Segraves and Goldberg, 1987; Stanton et al., 1988b) as well as to the caudate nucleus, 
the key structure of the basal ganglia (Hikosaka and Sakamoto, 1986; Künzle and 
Akert, 1977; Stanton et al., 1988a). 
2.5 Basal ganglia 
For an extensive review on the role of the basal ganglia and the oculomotor deficits 
accompanying malfunction of these structures, we refer to Kennard and Lueck (1989). 
For our present purpose, we will only outhne a few relevant properties of this system. 
As has been mentioned above, the FEFs project to the caudate nucleus (Kiinzle 
and Akert, 1977; Stanton et al., 1988a). This nucleus has been shown to contain 
neurons that fire before a visually-triggered saccade occurs (Hikosaka and Sakamoto, 
1986). No activity was found preceding spontaneous saccades, and some of the units 
in their study fired only before a remembered target saccade. By way of GABA-
mediated inhibition, activity of CN neurons can reduce the activity of neurons in the 
substantia nigra, pars reticulata (SNpr). These neurons, in turn, exert a tonically 
inhibitory influence (GABA-mediated) on movement cells in the deeper layers of the 
superior colliculus (Hikosaka and Wurtz, 1983a,d), which would be lifted by activation 
of t' - CN, thus enabling the collicular movement cells to initiate a voluntary saccade. 
In addition to cells that exhibit a fixation-contingent response (Hikosaka and 
Wurtz, 1983b), the SNpr was found to contain neurons that decrease their char-
acteristic high tonic discharge rate prior to saccades to visual or auditory targets 
(Hikosaka and Wurtz, 1983a). This decrease in tonic activity releases the collicular 
movement cells from inhibition, and a saccadic eye movement is subsequently gener-
ated (Hikosaka and Wurtz, 1983d). Since SNpr neurons also have been shown to take 
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part in a memory-contingent saccade task (Hikosaka and Wurtz, 1983c, 1985b), this 
system appears to be involved in a large variety of tasks (motor, sensory and cogni-
tive). However, the SNpr neurons apparently do not participate in the generation of 
spontaneous saccades (Hikosaka and Wurtz, 1983a). 
These findings have led to the expectation that in Parkinson's disease, considered 
to be a good model of basal ganglia dysfunction (Crawford et al., 1987), spontaneous 
("reflexive") saccades would not differ from those in controls, whereas non-visually 
guided saccades, being mediated by the FEF/basal ganglia pathway, would be ex-
pected to show abnormalities (Cools et al., 1984; Kennard and Lueck, 1989). Indeed, 
"reflex" saccades have been found to be relatively normal in parkinsonian patients 
with only mild pathology (Crawford et al., 1987; Gibson et al., 1987; White et al., 
1983). In contrast to this, voluntary saccades to remembered targets are clearly hy-
pometric and sometimes slower than those of age-matched controls (Carl and Wurtz, 
1985; Crawford et al., 1987). Teravainen and Calne (1980) have reported that pa-
tients, instructed to move their eyes back and forth as fast as to possible, make 
hypometric ("staircase") saccades, both in the dark and in the light. The ability to 
generate anticipatory saccades in response to a spatially and temporally predictable 
stimulus is severely impaired in Parkinson's disease (Bronstein and Kennard, 1985). 
These results are in line with the finding of Hikosaka and Wurtz (1985b) that in-
jection of the GABA agonist muscimol in the SNpr produces severe disruption of 
saccades made to remembered targets. 
2.6 Superior colliculus 
The superior colliculus (SC) is known to play an important role in the generation of 
saccades. In the early 70s, electrophysiological experiments have shown that collicular 
neurons in the superficial layers are active prior to visually-triggered saccades (Wurtz 
and Goldberg, 1972). This activity is enhanced if the visual stimulus is a target for 
the saccadic eye movement (Goldberg and Wurtz, 1972b). The SC is also involved 
in the generation of spontaneous saccades (Albano et al., 1982). 
An orderly topographic projection of the visual world is found in the superficial 
layers of the SC (Cynader and Herman, 1972; Goldberg and Wurtz, 1972a). In this 
projection, many collicular cells have receptive fields near the foveal area, whereas the 
more peripheral visual field is represented by comparatively few collicular neurons. 
This distorted mapping of the visual world is similar to the topographical organization 
of the primary visual cortex (area 17). 
In the deeper layers of the SC, a motor map of saccadic eye movements has 
been revealed by electrical stimulation studies (Robinson, 1972; Schiller and Stryker, 
1972). Each cell in this map will discharge before saccades within a limited range of 
directions and amplitudes, denoted as the movement field in analogy to the receptive 
field of a sensory cell. The topography of the movement fields in the deeper layers has 
been demonstrated to be in alignment with the visual map in the superficial layers 
(Schiller and Stryker, 1972). The fact that SC movement cells also represent auditory 
saccade targets in a retinocentric fashion (Jay and Sparks, 1987a,b) indicates that 
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the activity in the deeper layers is organized in a motor frame of reference (see also 
Sparks, 1986). It is thought that the population activity of these cells represents 
the desired saccade vector (vectorial motor error). In line with this concept, the 
administration of GABAergic substances to the motor coUicuius yield changes which 
are restricted to that part of motor space that corresponds to the vectors of electrically 
evoked saccades at the site of injection (Hikosaka and Wurtz, 1985a, 1986). Recently, 
quantitative descriptions of the motor map have been proposed (Ottes et al., 1986; 
Van Gisbergen et al., 1987). The saccade-related burst cells in the deeper layers 
(Sparks, 1978) project to oculomotor premotor neurons in the paramedian pontine 
reticular formation (Keller, 1979, 1980). 
Both anatomical (Leichnetz et al., 1981) and electrophysiological (Segraves and 
Goldberg, 1987) studies have demonstrated that the deeper layers of the SC receive 
direct input from the frontal eye fields. Another pathway involving the basal gan-
glia (see above) allows the FEFs to influence the behaviour of the collicular motor 
cells. Moreover, the parietal cortex is known to project to the SC (Andersen, 1987; 
Keating et al., 1983; Keating and Gooley, 1988; Lynch, 1980; Lynch et al., 1985). 
In addition to being involved in the generation of spontaneous saccades, the SC is 
also recruited in the execution of voluntary saccades to visual or remembered targets. 
Recently, Schiller et al. (1987) have demonstrated that the SC, in contrast to the 
FEFs, is essential in the generation of visually-guided saccades with extremely short 
latencies, the so-called express saccades (Fischer and Boch, 1983, 1984). The results 
of behavioural experiments reported in this thesis, in combination with electrophysi-
ological data from studies on SC function in awake monkeys, have led us to consider 
the problem of the lower limit of visually-guided saccade latency (see Chapter III). 
Segraves and Goldberg (1987) have found that, although anatomical connections 
from the FEFs to both the SC and the brainstem have been demonstrated, the 
pathway through the SC is functionally the most important. The bypass to the 
brainstem may take over the collicular lead part if the SC is damaged, since lesions 
of the SC produces only transient deficits in saccadic eye movements (Albano and 
Wurtz, 1982). Express saccades, however, are permanently abolished according to 
Schiller et al. (1987). Severe deficits in saccadic behaviour are seen when both 
the FEFs and the SC are inactivated (Keating and Gooley, 1988; Schiller et al., 
1980). Thus, in the intact animal the SC seems to be part of the final common 
pathway icf all saccades, which also incorporates the burst cells in the brainstem, 
as well as ihe oculomotor motoneurons and the oculomotor plant. Data presented 
in this thesis show that saccades elicited in various experimental paradigms exhibit 
striking differences in temporal properties (Chapters II and III) but are very similar 
in other respects (component crosscoupling in oblique saccades: Chapter IV; saccade 
trajectories: Chapter V). In the various chapters an attempt will be made to relate 
these differences and similarities to the existence of several alternative pathways and 
the presumed existence of a final common pathway at the peripheral level. 
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2.7 Cerebellum 
The cerebellum probably exerts its influence on the control of saccadic eye movements 
somewhere between the deeper layers of the SC and the brainstem oculomotor nuclei. 
In addition, the cerebellum is known to have projections to these areas (Gonzalo-Ruiz 
et al., 1988). Saccade-related activity has been recorded from all cerebellar nuclei 
(Hepp et al., 1982; McEUigott and Keller, 1982) and it has been shown that electrical 
stimulation evokes eye movements (Keller et al., 1983; Noda and Fujikado, 1987; Ron 
and Robinson, 1973). 
Lesions of the cerebellum result in eye position dependent saccadic dysmetria 
(Ritchie, 1976), which indicates a role of this structure in compensating for mechan-
ical nonlinearities of the oculomotor plant. Saccadic dysmetria, due to weakening of 
horizontal muscles in one eye, normally recovers within a week when the animal is 
forced to use this eye but is no longer compensated for after cerebellectomy (Optican 
and Robinson, 1980). Taken together, these results indicate that the cerebellum is 
involved in the calibration of saccadic eye movements. 
2.8 Brainstem 
The oculomotor signals from the deeper layers of the SC drive the horizontal and 
vertical burst cells in the brainstem, located in the paramedian pontine reticular 
formation (PPRF) and the rostral interstitial nucleus of the medial longitudinal fas-
ciculus (riMLF), respectively (Carpenter, 1988; Fuchs et al., 1985; Henn and Hepp, 
1986; Henn et al., 1982b; Hepp and Henn, 1983; Keller, 1974, 1979, 1980; Raybourn 
and Keller, 1977). These burst cells exhibit a high frequency burst of activity during 
saccades in a limited range of directions, irrespective of amplitude. For example, 
cells in the right P P R F are active before and during all rapid eye movements with a 
rightward component. The horizontal components of leftward saccades are controlled 
from the left P P R F . In the PPRF, signals from the SC are known to be channelled 
through long-lead burst cells (LLBs) to medium-lead burst cells (MLDs), which fi-
nally drive the horizontal oculomotor neurons (Fuchs et al., 1985; Henn et al., 1982a; 
Hepp and Henn, 1986; Keller, 1974, 1979, 1980). The vertical components of rapid 
eye movements are generated by the riMLF system. Since eye movements in vertical 
directions require the participation of 4 eye muscles, the neural circuitry between 
premotor and oculomotor neurons is more complicated in the vertical channel. 
Whenever a saccade is made, the oculomotor neurons innervating the agonist 
muscles exhibit a burst of activity coding eye velocity, followed by tonic activity 
coding eye position which prevents the eye from drifting back. Robinson (1975) has 
proposed that the tonic signal is provided by integration of the burst signal from 
the MLBs, a process which takes place in the so-called neural integrator. Recent 
evidence indicates that the neural integrator is located in the brainstem, notably 
in the prepositus-vestibular complex, consisting of the prepositus hypoglossi nucleus 
and the medial vestibular nucleus, both in cat (Cheron et al., 1986; Cheron and 
Godaux, 1987) and in monkey (Cannon and Robinson, 1987). 
14 Chapter I 
The timing of saccades is determined by the orrmipause neurons (Büttner-Ennever 
et al., 1988), which normally inhibit the MLBs by their high tonic discharge, but allow 
the MLBs to become active once their tonic discharge is silenced following a trigger 
signal, possibly originating in the SC (Scudder, 1988). The gating function of the 
omnipause neurons, which interrupt their tonic activity for saccades in all directions, 
synchronizes the activity in the horizontal and vertical channels. A more detailed 
discussion of the processes in the peripheral part of the saccadic system is provided 
in the following section. 
3 Signal transformations in the saccadic system 
3.1 Coordinate transformations 
The topographic projection of the retinal image onto the visual cortex is distorted 
in such a way that many cortical cells have receptive ßelds near the fovea, whereas 
relatively fewer cortical neurons receive input from the retinal periphery. Similar 
maps of the visual world exist in the frontal eye fields and the superior colliculus (see 
above). The topographic map in the SC is organized in polar coordinates, in the 
sense that the location of each cell is directly linked with the eccentricity (R) and 
direction (Φ) of its movement field. Since the saccadic burst cells, by contrast, are 
organized in a Cartesian (horizontal, vertical) coordinate system, a coordinate trans­
formation must take place somewhere in the system. This transformation is generally 
believed to occur between the SC, where the map is still in (Α,Φ) coordinates, and 
the brainstem pulse generators, where a division between the horizontal (PPRF) and 
vertical (riMLF) movement channels exists (see also Sparks, 1986). This orthogonal 
organization is also apparent from the effects of lesions in the brainstem, which may 
affect "movements in the direction of one coordinate in a Cartesian system" (Henn 
and Hepp, 1986; see also Büttner-Ennever et al., 1982; Henn et al., 1984). 
Another aspect of the signal transformations in the saccadic system concerns the 
gradual transition from position signals in a sensory frame of reference to muscle-
related eye velocity signals. The visual target is initially represented in retinal coor-
dinates (visual cortex, superficial layers of SC). In the parietal cortex, cells have been 
encountered that have been claimed to code stimulus position in head coordinates 
(Andersen et al., 1985, 1987). This claim has received support from a modelling 
study, in which the properties of these neurons have been mimicked by a neural 
network model using back-propagation (Zipser and Andersen, 1988). In the deeper 
layers of the SC, however, the target is coded in motor error coordinates (desired 
displacement vector). Subsequently, this position signal is transformed into the eye 
velocity signal of the burst cells in a process called pulse generation. It is thought 
that this signal, together with an integrated version, finally yields the pulse-step sig-
nal of the oculomotor neurons (see below), which have eye position and eye velocity 
related components (Sparks, 1986, 1988). Recently, evidence has accumulated for 
the idea that the superior colliculus is not solely involved in specifying motor error 
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(sec above). In several neurophysiological studies, the activity of SC burst units has 
been found to be related to the velocity of the ensuing saccade. A brisk burst of 
activity results in a normal, fast eye movement, whereas a less intense and more 
prolonged burst is followed by a slower, longer duration saccade with similar spatial 
characteristics. This phenomenon has been found both in cat (Berthoz et al., 1986; 
Muñoz and Guitton, 1986, 1987) and in monkey (Rohrer et al., 1987). 
3.2 Models 
Robinson has presented a quantitative model for the saccadic pulse generator in 
the brainstem (Robinson, 1975; elaborated in Van Gisbergen et al., 1981), In this 
one-dimensional model, a desired eye position signal is compared with an internal 
representation of eye position provided by the so-called neural integrator which is 
common to all oculomotor subsystems. This comparison yields a motor error signal, 
which is gated by the pause cells (see below) and drives the MLBs. In these burst 
cells, motor error is transformed into the saccadic pulse signal by a nonlinear input-
output function, which saturates for large error signals. The resulting high-frequency 
burst is fed into the neural integrator, whose output is combined with the pulse itself 
to provide the pulse-step signal for motoneurons. The pulse is essential to overcome 
the inertial forces of the globe; the step prevents the eye from drifting back to the 
center. The output of the integrator is also fed to the comparator mentioned above, 
thereby completing the internal feedback loop. The whole system is activated by a 
trigger signal which switches off the pause cells, thus enabling the motor error signal 
to drive the nonlinear pulse generator embodied by the burst cells. The resulting 
signal keeps the pause cells off until the motor error signal is zero and the system is 
shut off again. 
The one-dimensional Robinson model, by definition, is too limited to account 
for properties of oblique saccades. We will now briefly discuss some of the two-
dimensional models that have been proposed in the literature. In the so-called inde-
pendent model (Bahill and Stark, 1975, 1977), the horizontal and vertical components 
of oblique saccades are assumed to be generated by two completely independent pulse 
generators. Because of the saturating nonlinearity in these pulse generators, oblique 
saccades can have components of unequal duration. The saccadic trajectory of these 
saccades will be more or less strongly curved due to the fact that one component will 
have completed its course before the other. This idea seems to be in line with the of-
ten pronounced curvature in human saccades (Bahill and Stark, 1975; Viviani et al., 
1977). In monkeys, however, saccades are more nearly straight, and horizontal and 
vertical components of oblique saccade are known to be slower and to have longer 
durations than when either movement is executed separately (King et al., 1986). 
This phenomenon, which was first described in the cat (Evinger and Fuchs, 1978) 
and which is commonly denoted as "stretching", indicates the existence of mutual 
interaction between saccade components. To explain this finding, Van Gisbergen et 
al. (1985) have proposed a vectorial pulse generator that generates a vectorial eye 
velocity signal, which is subsequently decomposed in horizontal and vertical velocity 
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signals. This so-called common source model is quite capable to predict the stretch-
ing observed in monkey saccades because of the common origin of the component 
velocity signals from a single nonlinear pulse generator. Since it produces inherently 
straight saccades, however, it fails to account for the curvature of human saccades. 
Faced with this problem, Grossman and Robinson (1988) have suggested a modifi-
cation of the independent model which would both be able to explain the stretching 
phenomenon and be capable of producing curved trajectories in oblique saccades. In 
their model, the activity of the horizontal pulse generator is decreased by the ac-
tivity of the vertical pulse generator, and vice versa. The strength of this mutual 
crosscoupling is a free parameter in the model, whose value determines the degree of 
trajectory curvature and the amount of component stretching. If the crosscoupling 
factor is zero, the components act independently; increasing the crosscoupling leads 
to component stretching and affects the shape of the saccadic trajectory. 
We have compared quantitative predictions from these three models with human 
oblique saccade data obtained in two experimental paradigms, yielding fast and slow 
eye movements. The amount of stretching, as well as other dynamic saccade charac-
teristics will be discussed in Chapter IV. Since no satisfactory measure for curvature 
was found in the literature, we have introduced a quantitative curvature measure 
which describes only the spatial characteristics of the saccade trajectory. In the 
literature on arm movements, this is referred to as the path of the movement (see 
Georgopoulos, 1986). Using this measure, we present a quantitative data base for 
human saccade curvature, which is compared with predictions of the three models, 
in Chapter V. 
4 Behavioural aspects of saccades 
The properties of saccades are generally divided into three categories: metrical prop-
erties, dynamical properties, and timing. We will now consider each of these in some 
detail. 
4.1 Metrical properties 
The six extraocular eye muscles allow rotations of the eyeball along three different 
axes (horizontal, vertical and torsion). Nevertheless, visually elicited saccades are 
known to have only two degrees of freedom (horizontal and vertical): the torsion 
component is uniquely determined for every eye position. This property is commonly 
referred to as Listing's law. The quick phases of the vestibular ocular reflex, which 
are also saccadic (Ron et al., 1972), do not obey Listing's law. 
Saccades to visual targets normally exhibit slight undershoot, necessitating the 
generation of corrective saccades to bring the eye on target. The ratio between 
saccade amplitude and target eccentricity, usually denoted as the gain, is slightly less 
than 1.0 (values of about 0.9 are frequently found). We have investigated the gain 
characteristics of anti-saccades and remembered target saccades (Chapter II), as well 
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as predictive saccades (Chapter III). 
4.2 Dynamical properties 
One of the most salient features of primate saccadic eye movements elicited by a visual 
target at a fixed position is the fact that they are highly stereotyped: the variability of 
saccadic eye movements is remarkably small (Carpenter, 1988). This reproducibility 
has been documented quantitatively many times in fixed relationships among the 
amplitudes, durations and peak velocities of these movements (Bahill et al., 1975; 
Baloh et al., 1975). The duration/amplitude relationship can be characterized by 
a straight line, whereas the peak velocity/amplitude relationship is described by a 
saturating function. These relationships, collectively known as the main-sequence, 
an expression borrowed from astronomy by Bahill et al. (1975), are widely used to 
quantify saccadic properties and to permit comparison between different studies. The 
smooth, hill-shaped, unimodal appearance of the saccadic velocity profile suggests 
the possibility to give a complete description of the dynamic properties of saccades 
with just the parameters mentioned above. Several authors, however, have noted 
the fact that the ahape of the saccadic velocity profile becomes less symmetrical with 
increasing saccadic amplitude (Baloh et al., 1975; Hyde, 1959). Until recently, this 
aspect has received little attention. Van Opstal and Van Gisbergen (1987) have 
studied the shape of the velocity profile in a quantitative fashion. They have found 
that, in saccades starting from the primary position to targets at peripheral locations, 
the degree of asymmetry of the velocity profile correlates with saccade duration, 
rather than with saccade amplitude. In order to extend the range of durations, they 
have induced slow saccades by administering diazepam. We have circumvented this 
rather artificial way of eliciting slow saccades by using paradigms which, by their 
nature, yield slower saccades than those to simple visual target stimuli (Chapter II), 
which normally are fast. 
The stereotyped character of saccades has been put in a different perspective 
by investigating the dynamics of saccades to remembered targets (Becker and Fuchs, 
1969) and to auditory targets in darkness (Zahn et al., 1978; Zambarbieri et al., 1982). 
These authors reported that the saccades under consideration were consistently slower 
and had longer durations than equal-sized saccades to a visual target. We have 
studied this phenomenon further, eliciting three different saccade types: saccades to 
visual targets, saccades to remembered targets, and saccades away from the target 
("anti-saccades"; Hallett, 1978). Our results indicate that saccades in the latter two 
cases (which are not visually guided) have properties which differ significantly from 
those of saccades to visual targets (see Chapter II). 
4.3 Timing 
For a review on the timing of visually guided saccades, see Fischer (1987). Saccades 
made to targets which appear at randomized positions at unpredictable moments 
typically have latencies of about 150-200 ms. If, however, the target movement 
18 Chapter I 
is predictable (both spatially and temporally), the eye may lead the target after 
a while. Presumably, after several cycles the spatial and temporal regularity has 
been recognized by the system, and an internal regular signal, based on stimulus 
behaviour in the past, is generated by a "predictor" (Stark et al., 1962; Schmid and 
Run, 1986; Sugie, 1971), eventually yielding saccades with short or even negative 
latencies. Another way of obtaining short-latency saccades is provided by the so-
called gap-paradigm: after the central fixation light is turned off, a gap of about 
200 ms, during which there is no stimulus, is introduced before the peripheral target 
appears. This paradigm results in the occurrence of "express" saccades (Fischer and 
Boch, 1983, 1984), which have latencies as short as 100 ms after peripheral stimulus 
onset. The ratio of express saccades to saccades of longer latencies may be increased 
substantially by training (Fischer and Ramsperger, 1986). In their study, express 
saccade latency was determined on the basis of the shape of the latency histogram 
after the predictive saccades had been excluded by using a gain criterion (predictive 
saccades under these conditions have abnormally low gain). 
This state of affairs has prompted us to investigate whether saccades made in 
anticipation of a predictable stimulus (and hence in the absence of visual input at 
saccade onset) are also slower than saccades which start after stimulus onset, as 
we had found in the remembered target and anti-saccade experiments. Since this 
is indeed the case (Bronstein and Kennard, 1987), we have used this criterion to 
determine the latency when the transition from slow to fast saccades occurs (Chapter 
III). The results have been interpreted in terms of pure time delays in the sensory 
and motor parts of the system. 
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... ƒ experienced once again that thrill of wonder which had so often gripped me, and 
which I had felt as a schoolboy on learning of the existence of Solaris for the first lime. 
Stanislaw Lem 
Abstract 
In this paper we report on human saccade dynamics in three different ex-
perimental paradigms: visual target, remembered target and anti-saccade task. 
We found that saccades to remembered targets and anti-saccades have strongly 
reduced peak velocities coupled with markedly increased durations. In addition 
we observed a considerable degree of asymmetry in the velocity profiles of these 
saccades. By using gamma functions to describe the shape of the velocity profiles 
a parameter characterizing the degree of asymmetry (skewness) was computed: 
it was found that skewness increases with saccade amplitude. Due to the large 
variability in saccade durations for any given amplitude in our data we could 
confirm the recent claim, based on pharmacologically induced slow saccades, 
that skewness is more tightly related to duration than to amplitude. The dura-
tion/skewness relationship appeared to be nearly invariant with saccade type. 
We conclude that the commonly used main-sequence description of saccades 
is incomplete and can be extended usefully by including skewness. The possible 
* Vwion Res. 57: 1745-1762 (1987) 
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neural basis of the task-related differences in saccade properties and their im­
plications for models of the saccadic system are discussed. It is suggested that 
the marked differences in dynamic properties among different saccade types may 
reflect processes in the visuomotor rather than in the motor system. 
Keywords: human — saccade dynamics — saccade skewness — saccade types 
— models 
1 Introduction 
The remarkable reproducibility of the saccadic response to a visual target (V-saccade) 
has been known for several decades. This stereotyped behaviour of saccades has been 
well documented in amplitude/peak velocity and amplitude/duration plots which, in 
(oinbinalion, constitute the so-called main-sequence (Bahill et al., 1975; Baloh et al., 
1975). Other types of fast eye movements, viz. the fast phases of vestibular nystag­
mus (Ron et al., 1972), of optokinetic nystagmus (Komatsuzaki et a]., 1972), and of 
caloric nystagmus (Sharpe et al., 1975, amplitude < 10 deg) can be characterized in 
this manner as well. The fact that all these types of fast eye movements exhibit the 
same dynamic characteristics has been used to suggest a common pre-motor neural 
origin for these eye movements (Ron et al., 1972). 
Recently, however, there have been reports about changes in sarcade dynamics 
which become apparent under particular task conditions. In the human, saccades 
made to a remembered target (R-saccades; Becker and Fuchs, 1969; Sharpe et al., 
1975), or to an auditory target in darkness (Zambarbieri et al., 1982), are slowed 
clown compared with V-saccades. In the monkey, Hikosaka and Wurtz (1985a) have 
obtained a similar result for R-saccades. Furthermore, in the human, Hallett and 
Adams (1980) have noticed "anomalous" velocity profiles in saccades away from a 
visual cue stimulus (anti- or Α-saccades) Taken together, these findings indicate that 
saccade dynamics are influenced by specific task conditions. This effect may reflect 
(he involvement of different central subsystems in the generation of these saccades. 
There is some preliminary evidence that R-saccades (Hikosaka and Wurtz, 1985b) 
and Α-saccades (Guitton et al., 1985) are generated by neural subsystems which are 
partly different from that responsible for saccades to a visual stimulus. 
We extended the investigation of the influence of the experimental paradigm on 
I he dynamics of human saccadic responses by using three different tasks: visual 
larget (V), remembered target (R) and anti-saccade task (A). The latter paradigm 
was adapted after Hallett (1978) and involved a larger range of both amplitudes and 
directions. A preliminary report has been published elsewhere (Smit et al., 1987). 
The particular features of R- and A saccades found in the present study led us 
I" explore to what extent distinct interrelations among V-saccade parameters also 
hold true for R- and Α-saccades. In particular, we analyzed the following aspects in 
greater detail: 
1. Main-sequence relations. In addition to the peak velocity/duration/ amplitude 
relationship, we explored whether the peak velocity x duration against amplitude re-
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talion, which is linear for both fast and slow V-saccades in the cat (Evinger et al., 
1981), can also be approximated by a straight-line relationship in human V-, A- and 
R-saccades. 
2. Saccade duration as a function of ampli tude and gain. It is generally 
assumed that the dynamic properties of V-saccades are related to saccade ampli-
tude, quite independently from the precise stimulus by which they are elicited. Nev-
ertheless, Jürgens et al. (1981) recently discovered that the gain of the saccadic 
response (the ratio of saccade amplitude and stimulus amplitude) also has some in-
fluence. They noticed that , especially in the response ensemble to large stimulus 
displacements, the slowest saccades have the largest gains. This gain-related vari-
ability in duration does not simply reflect the well-known amplitude/duration rela-
tionship which accounts for most of the variability. To explain their finding, Jürgens 
et al. have proposed a model with a resettable and slightly leaky integrator in the 
internal feedback loop of the saccadic pulse generator which generates the velocity 
rommand signal (see also Discussion). If the so-called hold integrator in the oculo-
motor system (Robinson, 1975) were perfect, or at least less leaky, it can be shown 
that the Jürgens model predicts larger gain responses in case the saccadic pulse is 
stretched in time. In this case the leaky integrator in the internal feedback loop of 
the model underestimates the size of the pulse so that the pulse generator is shut 
off somewhat later than in the case of fast saccades. Accordingly, one might expect 
that an increased variability in duration is associated with an increased variability in 
gain. In view of this we investigated whether the large amount of variability in each 
of these parameters found in A- and R-saccades was interrelated. 
3 . Skewness /ampl i tude /durat ion relationship. It is known that V-saccades 
have increasingly asymmetric (skewed) velocity profiles as saccade amplitude in-
creases (Hyde, 1959; Baloh et al., 1975). Van Opstal and Van Gisbergen (1987) 
recently found that the skewness of V-saccade velocity profiles is more tightly related 
to saccade duration than to saccade amplitude. Since amplitude and duration were 
not lightly coupled in the present R- and Α-saccade data set, we investigated whether 
the intriguing, but so far unexplained, duration/skewness relationship in the above-
mentioned study on pharmacologically manipulated V-saccades holds true also for 
R- and A-saccades. 
2 Methods 
2.1 Experimental paradigms 
I'our subjects participated in this study (3 males, 1 female; ages 26-42). Two subjects 
(JVG experienced, age 42; IMF naive, age 29) were investigated extensively; two 
additional subjects (ACS and JGR) were studied in amore qualitative fashion. Unless 
hlated otherwise, only results obtained in subjects JVG and IMF are discussed. 
Stimuli were rear-projected on a translucent screen, placed at 57 cm in front 
of the subjects. Background illumination was sufficiently low (< 0.06 cd/m 2) to 
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Figure 1. The three behavioural paradigms used in the experiments. The four consecu­
tive scenes in the upper part of the figure depict the spatial relations among fixation light 
(F), cue stimulus (C), anti-cue stimulus (AC) and target stimulus (T) for each of the three 
different trial types (V, R and A). The arrow in scene 2 (V-trial) and scene 3 (R- and 
A-trial) indicates the expected saccadic response. The bot tom part of the figure shows 
the time when each stimulus is on (black bar), together with a schematic saccadic velocity 
profile (E). The temporal axis is not to scale (see Methods for quantitative details). 
F,ach paradigm starts by requiring fixation at the primary position (scene 1). Target po-
silion is indicated by the green target light in the V-task, by the cue flash in the R-task 
and by the anti-cue in the Α-task (scene 2). Most responses in the A- and R-paradigm 
occur in the time interval when the screen is empty, i.e. after the cueing stimulus has 
disappeared and before the target position is confirmed by the appearance of the green 
tttrgel light (scene 4). 
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make the fine texture of the screen invisible. In all experiments both fixation and 
target position were indicated by a 0.9 deg green spot (5 cd/m 2 ) . In anti-saccade 
experiments (see below) the anti-cue position was indicated by a 0.9 deg red spot (5 
cd/m 2 ) . 
Three different paradigms were used (see Fig. 1): 
1) Visual-target paradigm (V): After extinction of the fixation light the green 
target appeared at a peripheral location for 1038 ms. The subject was instructed to 
refixate the target as quickly as possible. 
2) Remembered-target paradigm (R) : while the green fixation light remained 
lit, a green target flash (0.9 deg diameter; 200 ms duration) cued the target location. 
The subject was instructed to make a saccade to this position as soon as possible 
after the fixation light went off 100, 400, 800 or 3200 ms following peripheral-flash 
offset. The target reappeared 1450 ms later for the remainder of the trial to provide 
the subject with feedback about his performance. 
3) Anti-saccade paradigm (A): to warn the subject of an impending A-saccade 
trial, the fixation light flashed at a rate of 10 Hz for 1 second before actual trial 
onset. After disappearance of the fixation light a red non-target stimulus, serving 
as a cue to the location of the target, was presented for 200 ms. Target position 
was always diametrically opposite the anti-cue stimulus with respect to the fixation 
light, at the same eccentricity. After presentation of the red anti-cue stimulus, the 
screen was empty during 1450 ms before the appearance of the green target light, 
which enabled the subject to eliminate the remaining positional error, if any. The 
subject was instructed to make a saccade to the target position opposite the anti-cue 
as quickly as possible and was urged to be on target before the target light appeared. 
Target positions were at five eccentricities (5, 10, 15, 20 and 25 deg) and in six 
directions (0, 45, 135, 180, 225 and 315 deg, where 0 deg is the rightward direction, 
seen from the subject). 
In each experimental session up to 9 stimulus sequences were presented. Three 
stimulus sequences (V-only, A, R) containing different combinations of the three 
I rial types described above, were available. The V-only sequence consisted of V-
trials exclusively. The Α-sequence consisted of 30 A-trials and 10 V-trials in random 
order. As noted above, the subject received a warning several hundred ms before an 
A-lrial began. The absence of this warning signal in the Α-sequence indicated a V-
trial. An additional difference between the two trial types was that the colour of the 
poripheral stimulus, which appeared immediately after the central fixation light went 
off, was different in A- (red) and V-trials (green). Despite all this, subjects still made 
η saccade to the red anti-cue in some Α-trials and a saccade away from the green 
t.irget stimulus in a few V-trials. These incorrect responses were discarded in the 
present analysis. The R-sequence consisted of 30 R-trials and 10 V-trials in random 
order. The main type of incorrect response in this sequence occurred when subjects, 
inslead of maintaining central fixation, initialed a saccade towards the cue flash in 
H-trials before the fixation light was extinguished, even though they were repeatedly 
urged to avoid this behaviour. These responses were rejected. Since the type of trial 
«as already clearly identified by the presence or absence of the cue stimulus during 
η 
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fixation no warning was given in this sequence. 
2.2 Recording of eye movements 
Horizontal and vertical movements of the left eye were measured with the double-
magnetic induction method (Bour et al., 1984). In order to cancel the contribution 
of the primary magnetic field (see Bour et al., 1984), an adjustable compensation 
coil was positioned above the subject's right eye. Raw horizontal and vertical eye 
position signals were low-pass filtered (—3 dB at 150 Hz), digitized at a rate of 500 
samples/s with a precision of 12 bits and stored in a P D P 11/34 computer. The 
data were corrected off line for the static nonlinearity inherent in this method, as 
described by Bour et al. (1984). In humans, the double magnetic induction method 
has a range of 25- 30 deg in all directions, with a resolution of 0.25 deg or better, 
in the range 0-25 deg. After linearization, vectorial eye velocity was computed from 
the position signals by differentiation using the central-difference algorithm (Bahill 
et al., 1982). 
2.3 Main-sequence relations 
To explore whether the product of the main-sequence parameters vectorial peak ve­
locity (V
m
 ) and duration (В$ ) is invariant for fast and slow saccades of a given 




to our V-, R- and Α-saccade data separately. In this equation As represents saccadic 
amplitude and с is a dimensionless proportionality constant. The resulting values of 
the constant с were then compared for data obtained in the three different tasks. 




 = r « - ( 1 - e " ^ 4 » ) (2) 
was fitted separately to V-, A- and R-saccade data of each direction. In this equation, 
l'
m
 again represents vectorial peak eye velocity, V
a
 represents the asymptotic V
m
 value 
for very large saccades and A0 is an angular constant which determines how rapidly 
V
m
 increases with saccade size (Van Gisbergen et al., 1985). Fitting this equation to 
data obtained from each of the tasks and for each direction then allowed quantification 
of the task and direction related differences in constants V
a
 and AQ. 
2.4 Skewness of saccadic velocity profiles 
(i\ determining a quantitative measure for skewness, we adopted the procedures used 
by Van Opstal and Van Gisbergen (1987). Saccade on- and offset were determined 
by computer from the vectorial eye velocity signal using a 30 deg/s level crossing 
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criterion. To prevent complications caused by short-latency corrective saccades, the 
vectorial velocity profile was clipped to zero from 8 ms after saccade offset onwards. 
Subsequently, an iterative fit procedure was used to determine the values of the 
parameters α, β and 7 of the gamma function: 
v(t) = a • {t/0y-1 • e-W' < > 0; β > 0;
 Ί
 > 1 (3) 
where v(t) is the saccadic vectorial velocity profile, α and β are scaling constants for 
velocity and duration, respectively, and 7 is a shape parameter indicating the degree 
of asymmetry. Small 7 values indicate asymmetrical shapes; as 7 goes to infinity the 
function assumes a symmetrical (Gaussian) shape. Skewness (5) can be determined 





Typically, the fit procedure converged in about 10 iterations. However, in less than 
] % of all saccades the gamma-fit procedure failed to converge within 500 iterations. 
Such saccades were excluded from analysis. Very occasionally we obtained A- and 
R-saccades with double or multi-peaked velocity profiles (Hallett, 1986). Since these 
profiles cannot be adequately characterized by a single parameter they were also 
excluded. Correlation coefficients of 0.90 or higher were obtained in over 95% of the 
fits. 
As an alternative for the skewness derived from the gamma function we deter­




 is the interval between saccade onset and the moment of peak velocity 
(the acceleration phase), and Ds is saccade duration. This was done to ensure that 
conclusions on asymmetry of the velocity profiles would not be dominated by the 
particular measure used. Note that an F
a
 value of 0.5 indicates a symmetric saccadic 
velocity profile. 
3 Results 
3.1 Task execution 
Firs t- saccade a c c u r a c y . As might be expected, our subjects had no great difficulty 
in making correct responses in the R-sequence. Yet, as can be seen from the data 
in Fig. 2, reproducibility was conspicuously reduced compared with performance 
in the V-only sequence. By contrast, a clearly higher error rate was observed in A-
hequence experiments. Despite the explicit and implicit warnings, subjects repeatedly 
produced an A-response in V-trials and a V-response in some Α-trials. In the correct 












^ — J "• ' 










Figure 2. Eye position recordings showing typical responses in the three behavioural 
paradigms visual target (V), remembered target (R) and anti-saccade (A). Responses were 
taken in a separate experiment which required only movements along the horizontal axis. The 
abscissa represents time since fixation light offset. Subject J V C 
The R-panel shows one exceptional response where the subject awaited the appearance of the 
peripheral target light (vertical line in R- and Α-panel; see also scene 4 in Fig. 1). These visually 
guided saccades, which also occurred occasionally in A-trial responses (see Α-panel), were not 
included in the description of the results. 
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IMF JVG 
GAIN 
Figure 3. First-saccade gain histograms of correct responses (Methods) in the various 
behavioural paradigms in two subjects (IMF and JVG). Data were obtained by pooling 
across directions. The gain parameter is only a rough indicator of first-saccade accuracy 
since it cannot express direction errors. The total number of saccades upon which each 
histogram is based can be found in Table 1. Abbreviations: Vo, V-only trials; д, V-
trials intermingled in R-sequence; R, R-trials; Гд, V-trials intermingled in Α-sequence; A, 
Λ trials. Bin width: 0.02. 
lesponses to Α-trials, to be reported here, first-saccade reproducibility was again 
markedly reduced compared to the V-only trial condition (Fig. 2). 
To express first-saccade precision quantitatively, we computed the ratio of first-
saccade amplitude and target eccenlricilv (saccade gain). In Fig. 3 first-saccade 
gain data from subjects JVG and IMF are shown for the various trial types. These 
histograms document the wide range in first- saccade gains which occurred in A-
and R-trials. It should be noted that, whereas hypermetric responses were rare in 
V trials, the gain histograms for A- and R-saccades were rather symmetrical around 
a gain of 1.0. 
F i r s t- saccade latency. The latency in R-trials, defined here and in all other cases as 
Hie time between fixation light offset and first saccade onset, was typically prolonged 


















Figure 4. First-saccade latency histograms of correct responses (Methods) in the vari­
ous behavioural paradigms in two subjects (IMF and JVG). Dotted vertical line denotes 
mode of V-only histogram (upper box) and serves to highlight the latency shifts occurring 
in other trial types. For number of saccades in each histogram see Table 1. Abbrevia­
tions: VQ, V-only trials; VR, V-trials intermingled in R-sequence; R, R-trials; V^, V-trials 
intermingled in A-sequence; A, A-trials. Bin width: 10 ms. 
compared with the performance in the V-only sequence (see Figs. 2 and 4). It can 
l>c seen that the latency in the intermingled V-trials of the R-sequence was clearly 
longer than in V-only trials. This phenomenon may represent a deliberate strategy 
to suppress very-short-latency responses in order to avoid premature responses to the 
Hashed cue stimulus in R-trials. 
In the correct responses to A-triitls, first-saccade latency was again clearly pro­
longed compared to the V-only standard (Figs. 2 and 4). Furthermore, in the 
A-sequence as well, latency in the intermingled V-trials was prolonged compared to 
V-only data. In subject IMF the inlermingled V-latency histogram has a bimodal 
nppearancc with many responses in the Α-saccade latency range. Both subjects 
reported that in some trials they noticed from the colour of the peripheral visual 
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stimulus that their preconceived strategy was incorrect and had to be reversed. Pos­
sibly, the long-latency responses in intermingled V-trials of the A-sequence, at least 
in part, represent instances of these last-moment strategy changes. 
3.2 Main-sequence relations 
Main-sequence representations of A- and R-saccades as well as of intermingled V-
saccades, pooled over all directions, are shown in Figs. 5 and 6 for subjects JVG and 
IMF, respectively. It is obvious that A- and R-saccades had considerably reduced 
peak velocities and increased durations compared with control V-saccades. Also, 
the variability in peak velocity and duration for a given amphtude was dramatically 
larger in A- and R-saccades. 
In view of the large scatter in peak velocity and duration of A- and R-saccades 
of a given amplitude we were interested in whether the product of peak velocity and 
duration would have a tight relation with amplitude (Evinger et al., 1981). To find 
this out we fitted equation (1) separately to the data sets of the various saccade 
types. 
A typical result is presented in Fig. 7, where it can be seen that, since the 
data exhibit a slightly curvilinear trend, the straight-line fit can only be regarded 
as a first-order approximation. The slight curvilinearity visible in the A-saccade 
data of Fig. 7 was also present in data obtained in the other tasks. As the high 
rorrelation coefficients in Table 1 show, we found that the linear approximation held 
about equally well for all saccade types (A, R and V) in all four subjects. It appears 
that с tends to be slightly higher for A- and R-saccades than for control V-saccades 
obtained in the same sequence. However, as с also tends to be higher in VQ saccades, 
this difference is not consistent. 
In order to check whether the trend in the pooled data shown in Figs. 5 and 6 was 
also present in the data for each individual direction, we fitted equation (2) to the 
six subsets of amplitude/peak velocity data. The results of these fits are summarized 
in Table 2 for A-, R- and V-saccades of subject JVG. Clearly, V-saccades were faster 
than either A- or R-saccades in every direction ( P < 0.001). In addition, like in the 
pooled data, the correlation between the fit-curve values and the recorded data points 
was better, confirming that the amplitude/peak velocity relation of V-saccades was 
more tight. 
Although a larger amount of scatter made the situation somewhat less obvious 
in subject IMF, her data showed the same general trends. One aspect of the scatter 
of dynamic properties of the saccades deserves some further attention. In subject 
IMF a rather large number of V-trials intermingled in the Α-sequence yielded abnor­
mally slow saccades (see Fig. 6). Closer inspection revealed that many of these slow 
Y-saccades had latencies corresponding to the long-latency mode of the bimodal his­
togram in Fig. 4. The normalized duration of each saccade, expressed as a fraction 
of the mean duration of comparable V-only saccades, was plotted against latency. 
Л positive correlation (r = 0.20; N = 152), significant at the Ρ < 0.05 level, was 
found. Since such a correlation was not present in A-trial responses collected in the 
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Figure 5. Amphtude/peak velocity (top) and amplitude/duration (bottom) plots of 
(iiricct fiisl saccade responses (Melluxls) made in various trial types SubjetL JVG Tbe 
К beneide data ( + ) are shown on the left hand side together with the V saccade control 
data ( · ) collected in the same experiment Similarly, the right hand side shows A saccade 
( ) and V saccade control data ( · ) Note that V saccades are more stereotyped and can 
he twice as fast as R and A saccades Best lit parameters of equation (2) for the pooled 
dala shown here are in given m Table 2 
s,ime series of e x p e r i m e n t s , nor in the V trials of t h e R sequence, it seems unlikely 
I hat these late slow V saccades were due to a reduced level of a lertness In the 
more exper ienced subject J V G this p h e n o m e n o n was r a t h e r r a r e b u t t h e s a m e signif 
u<inl latency / d u r a t i o n relat ion emergtt i F u r t h e r research is required to inveMigate 
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Figure β. Amphtude/peak velocity (top) and ampbtude/duration (bottom) plots of 
rorrect first-sarcade responses made in various types of trial. Subject IMF, same con 
ventions as in Fig 5 The occurrence, in this subject, of occasional slow V saccades in 
Λ sequence control trials (see right hand side) is discussed m the text 
η hether or not this phenomenon ^ related to the late change in response strategy in 
some of the V-tnals rioted above 
In order to exclude the possibility that the temporary darkness in both the R 
.mei Ihe A paradigm caused the slow saccades by provoking drowsiness (Ron et al , 
l<)72), wc conducted the following control expenment In one session, the subject was 
successively presented with two sequences of 40 normal A-tnals ("anti-cue flash"), 
followed by two sequences of 40 modified A-tnals, in which the anti-cue remained 
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AMPLITUDE (deg) 
Figure 7. Product of saccade peak velocity and duration against saccade amplitude. 
The regression line fit through the data has a slope (c) of 1.99. Subject JVG; A-saccades. 











































































Table 1. Fit results for the Ds x t '
m
 versus As relation. Abbreviations: N, number 
of saccades; с, slope of Ds X lm versus As relationship [see equation (1)]; r, correlation 
coefficient. For meaning of symbols identifving saccade type see legend of Fig. 3. 
























































































































Table 2. Direction dependence of V
m
/'As relation for the various saccade types. Seen 
from the subject, direction 0 deg is the rightward direction. Abbreviations: N, number of 
saccades; V
a
, asymptotic eye velocity; AQ, angular constant; r, correlation coefficient. For 
meaning of symbols identifying saccade type see legend of Fig. 3. Subject: J V C Smallest 
amplitude range: 4.1 to 22.3 deg; largest amplitude range: 3.0 to 29.2 deg. 
on for the duration of the trial ("anti-cue permanent"). This was done to ensure 
the continuous presence of an arousing stimulus in the subjects' visual field, thereby 
preventing a decrease in alertness. Target positions were at 10 and 25 deg on the 
left and the right, respectively, in randomized order. We found no difference in peak 
velocity between Α-saccades in the "anti-cue flash" and in the "anti-cue permanent" 
condition (see Discussion for further comments). 
3.3 Saccade duration as a function of amplitude and gain 
The amplitude/duration relation was studied for two different ranges of gain (below 
and beyond 1.0, respectively). The amount of scatter remained about equally large 
for each of the gain classes so that there is no reason to think that the large variation 
in dynamic properties and in gain values of A- and R-saccades are causally related. 
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F i g u r e 8. Examples of first-sarcade velocity profiles and best-fit gamma function. 
Subject J V C The gamma function (smooth curve) can fit the data quite reasonably (r > 
0.95) but not perfectly. The number in each box denotes the skewness ( 5 ) computed from 
the gamma-function parameter according to equation (4). 
Note that for each saccade type skewness increases with amplitude (i.e., from the left to 
the right) and that R- and Α-saccades are more skewed than equally large V-saccades. In 
Fig. 10 it is shown that the saccade-type related differences in skewness disappear almost 
entirely when the comparison is made for saccades of equal duration. 
3.4 Skewness/amplitude/duration relationship 
In order t o character ize t h e s h a p e of saccadic velocity profiles, a g a m m a function 
lit was per formed for t h e various saccade types (see M e t h o d s ) . T h e representat ive 
e x a m p l e s shown in Fig. 8 i n d i c a t e t h a t the fit provided by t h e g a m m a function was 
qui te reasonable . As h a s b e e n stressed above, t h e vast major i ty of A- a n d R-saccades 
were m a r k e d l y slower t h a n V-saccades of the same a m p l i t u d e b u t t h e shape of t h e 
velocity profile also a p p e a r e d t o be different. T h e r e is an indicat ion in Fig. 8 for A-
and R-saccades as well as for V-saccades to have more a s y m m e t r i c a l velocity profiles 
:is a m p l i t u d e increases. F u r t h e r m o r e , these few examples also suggest t h a t there is a 
difference in this respect between fast (V) and slow (A a n d R) saccades. 
T h e degree of a s y m m e t r y expressed by the skewness p a r a m e t e r (see M e t h o d s ) 
« a s used t o invest igate t h e re lat ion between t h e s h a p e of t h e velocity profile and 
saccade a m p l i t u d e more closely. A plot of skewness against a m p l i t u d e confirms t h a t 
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F i g u r e 9. Relationship between amplitude and skewness for R-sequence (left hand side) 
and A sequence (right hand side) data The data represent correct hrst-saccadc responses 
pooled across directions Same conventions as in Figs. 5 and 6. Subjects JVG (upper 
part of figure) and IMF (lower part) The number of data points in each class, together 
Willi the slopes and the intercepts of the linear regression lines fitted through them, are 
documented in Table 3 As already indicated qualitatively by Fig 8, R and A-saccades 
are more skewed than V saccades of the same amplitude. 
I here WAS only a weak correlation which was dilTerent for fast and slow saccades (Fig 
·>) 
T h e large spread in saccade d u r a t i o n for A- and R-saccades of a given a m p l i t u d e 
p u n i d e d a nice o p p o r t u n i t y t o check t h e idea t h a t t h e a m p l i t u d e / skewness re la t ion of 
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F i g u r e 10. Relationship between saccade duration and skewness for A-, R- and V-
sac cades Same data and same conventions as in Fig 9. Note that the duration/skewness 
ι elation is more tight and much less saccade tv pe dependent than the amphtude/skewness 
ι rial inn (sec Fig. 9 and Table 3) 
s.u cades could oo an e p i p h e n o m c n o n of a presumably m o r e basic dura t ion/skcwness 
re lat ionship (see I n t r o d u c t i o n ) Ί he dras t ic difference be tween V-saccades on t h e one 
linntl a n d R a n d Α-saccades on the o t h e r h a n d , a p p a r e n t from t h e a m p l i t u d e , peak 
veliKitv a n d a m p l i t u d e / d u r a t i o n plots in Figs 5 a n d 6, is not reflected in the 
d u r a t i o n ' s k e w n e s s plots in Fig 10 Instead, these plots show a t ight re lat ionship 
between b o t h saccade p a r a m e t e r s , indicat ing t h a t , at least in first a p p r o x i m a t i o n , the 
• lu ia t io i i 'bkewness relat ion might be an invariant proper ty c o m m o n to all saccades 















































































Table 3. Parameter values and correlation coefficients of amplitude/duration/ skewness 
relations. Same conventions as in Table 2. For meaning of symbols identifying saccade 
type see legend of Fig. 3. Notice from the higher correlation coefficients that the duration 
/skewness relation is more tight than the amplitude/skewness relations. These differences 
'in г values appeared to be highly significant in all cases (P < 0.001). Slope of dura-
lion/skewness relation in s _ 1 , slope of amplitude/skewness relation in deg - 1; intercepts 
are dimensionless. 
Parameter values for linear fits of the amplitude/skewness and duration/ skewness 
data, as well as the corresponding correlation coefficients, are given in Table 3 for sub­
jects JVG and IMF. Some care is needed in interpreting these numbers because the 
duration/skewness relationship seems to be slightly curvilinear (Fig. 10). Since this 
slight curvature in the duration/skewness relationship was also found in individual 
directions, it could not be a consequence of the pooling of data over directions. It can 
be noticed from Table 3 that the correlation coefficients for the duration/skewness 
relationship were significantly higher than those for the amplitude/skewness relation­
ship. Although the duration/skewness relationships were roughly similar in all three 
l.isks, there was a small but consistent difference between V-saccades vs. A- and R-
saccades: on average V-saccades were slightly less skewed. This difference, however, 
" a s small compared to the differences among saccade types seen in Figs. 5, 6 and 9. 
In an attempt to summarize the skewness results and to visualize how these 
findings relate to the traditional main-sequence description of saccade dynamics, we 
now present a graphical depiction of the amplitude/ duration/skewness relation (Fig. 
IIA). In this figure we used different symbols to represent saccades at three levels 
(if skewness in the amplitude/duration plane. The foregoing analysis showed that 
the duration/ skewness relationship is more tight than the amplitude/skewness re­
lationship. It is conceivable that even the weak amplitude/skewness relationship is 
spurious in the sense that it may indirectly reflect the amplitude/duration relation­
ship. In other words, if the basic relation is between skewness and duration, one will 
also find some correlation between skewness and amplitude, simply because dura-
lion and amplitude are related. Figure IIA allows one to get a visual impression of 
t lie extent to which saccade duration, independent of saccade amplitude, determines 
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Figure 11 . (A) . Graphical representation of amplitude/duration/skewness relation. The data 
used in this figure were obtained from subject JVG by pooling first A-, R-, and V-saccades across 
directions. Data points of three skewness classes as indicated by the different symbols, occupy 
nearly horizontal strips in the amplitude/duration plane. Meaning of symbols: · , skewness 
between 0.6 and 0.7; + , skewness between 0.95 and 1.05; •, skewness between 1.20 and 1.30. 
Notice that more skewed saccades have longer durations. 
( B ) . Pictorial summary of amplitude /durât ion/ Fa relation. Data points of various Fa classes, 
indicated by the different symbols, occupy nearly horizontal strips in the amplitude/duration 
plane. Meaning of symbols: · , Fa between 0.10 and 0.15; + , Fa between 0.30 and 0.35; • , Fa 
between 0.50 and 0.55. 
skewness. Clearly, if du ra t i on were the only relevant p a r a m e t e r , one would expec t 
rqual-skewness saccades to occupy str ict ly horizontal zones in t he a m p l i t u d e / d u r a t i o n 
plane. In ac tua l fact these zones exhibit, a small posi t ive slope, bu t is is clear t h a t 
saccade d u r a t i o n is a far b e t t e r predic tor of skewness t h a n saccade ampl i tude . 
Since t he gamma-func t ion fit was not perfect (Fig. 8) we wanted to check whe the r 
I hese imperfect ions could have biased our skewness resul t s . Therefore , we also inves-
I¡gated t he a m p l i t u d e / d u r a t i o n / F a re lat ionship (Fig. I I B ) . By compar ing Figs. I I A 
and В it can be not iced t h a t t h e d u r a t i o n s of different F
a
 classes show more overlap 
Hum those of different skewness classes. This is probably a consequence of t h e fact 
( h a t , while t h e skewness p a r a m e t e r is based on t h e ent i re velocity profile, only t h r e e 
d a t a points are used in ca lculat ing F
a
 [equation (5)], causing a considerably larger 
a m o u n t of s c a t t e r . T h e i m p o r t a n t point is t h a t the overall p ic ture in Fig. I I B sup­
por t s our earl ier conclusion from skewness d a t a t h a t t h e degree of a s y m m e t r y in t h e 
saccadic velocity profile is m o r e t ightly related t o saccade d u r a t i o n t h a n t o saccade 
a m p l i t u d e (see also Fig. I I A ) . 
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4 Discussion 
4.1 General remarks 
The results, in all four subjects, show a strong contrast between the slowness and 
the variability of A- and R-saccades and the fast, more reproducible V-saccades. It 
remains unclear why these differences were rather more profound than those found in 
earlier studies on humans (Becker and Fuchs, 1969; Hallett, 1978; Hallett and Adams, 
1980); it is possible that the large amplitude range in our experiments highlighted 
Ihe differences. 
The shape analysis of saccadic velocity profiles, when based on a comparison of 
equal amplitudes, revealed further striking differences among the various saccade 
types. However, when the comparison is based on equal duration saccades, all sac­
cadic velocity profiles, irrespective of type, had more similar shapes. The same 
difference in tightness between the amplitude/skewness and the duration/skewness 
relationships was found earlier by Van Gisbergen et al. (1984) and Van Opstal and 
Van Gisbergen (1987) in pharmacologically induced slow saccades. Interestingly, it 
Was been reported recently that, likewise, slow opening movements of the human jaw 
have a more skewed velocity profile than rapid movements (Ostry, 1986). 
Our skewness findings cannot simply be an artifact related to imperfections of 
the gamma-function fit (see Fig. 8). The same conclusions were reached when the 
acceleration fraction parameter [see equation (5)] was used to characterize the shape 
of the velocity profile (Fig. ΙΙΑ,Β). 
4.2 Attempted interpretation in terms of current models of 
the saccadic system 
To view our results from a broader perspective, we will now discuss them against the 
background of Robinson's internal feedback model of the saccadic system (Robinson, 
1975; Van Gisbergen et al., 1981). This scheme incorporates the notion that the 
neural control of saccades relies on internal feedback. The pulse generator in the 
model is driven by the difference (motor error) between a desired eye position signal 
HIHI an eflerence copy of eye position. The pulse generator produces an eye velocity 
command signal which is fed into the neural hold integrator whose output provides 
I he eye position signal in motoneurons and is used for internal feedback. To account 
for the main-sequence relationships of primate saccades the pulse generator has a 
sialic nonlinear characteristic which specifies the relation between its input (instan-
laiieous motor error) and output (the eye velocity command signal). The desired eye 
position signal represents the final outcome of central processes which determine to 
what position the eye ought to move, and may be based on quite different types of 
information (visual, auditory, tactile, vestibular, memory, cognitive). The nonlinear 
characteristic is thought to be fixed and independent of task conditions. 
Interpreted in terms of this model, our finding that R- and A- had more variable 
metrical properties than V-saccades would simply mean that the outcome of the 
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process which produces the desired eye position signal is more variable in A- and Κ­
Ι ask conditions. This seems reasonable: the more indirect the link between the cue 
stimulus and required eye position, the more imprecise one should expect the desired 
eye position signal to be. In our A- and R-saccade data we found no evidence for a 
relationship between the large variability both in gain and in dynamic properties, as 
would be caused by a leaky integrator in the putative internal feedback loop of the 
motor system (Jürgens et al., 1981; see Introduction and Results). 
If, as assumed in the internal feedback model, the eye muscle/eye ball system can 
be approximated by a fixed-parameter linear system, the different shapes of velocity 
profiles in saccades with different durations must reflect differences in the time course 
of the pulse-control signal. Reconstructions of hypothetical motoneuron control sig-
nals based upon an inverse procedure (Van Opstal et al., 1985) indicate strongly that 
the pulse component of the pulse-step signal is smaller and more asymmetrical in 
A- and R-saccades (Smit et al., 1987). Without modification, the Robinson model 
cannot account for our observation that , for a given amplitude, A- and R-saccades 
were slower and more variable in their dynamic properties than V-saccades. One pos-
sibility to explain these data is to assume that the gain of the pulse generator varies 
from trial to trial around a mean which is task dependent. Since the amplitude/peak 
velocity relationship of A- and R-saccades still shows saturation (see Figs. 5 and 
6), these data require the pulse generator characteristic to remain highly nonlinear. 
Future modeling work will have to reveal whether it is possible at all to arrive at a 
description of the pulse generator nonlinearity which both can do justice to the task-
related variability in saccade dynamics and can yield an invariant duration/skewness 
relation of saccades. 
The assumption of task-related variability in the gain of the pulse generator can 
perhaps provide a satisfactory black-box description of our data, but one also needs 
to consider how such a property can be realized at the neuronal level. It is difficult 
lo see what can cause medium-lead burst cells, often thought to embody the pulse 
generator, to respond differently when the same error signal arises in different task 
conditions. 
A perhaps more attractive alternative explanation of why the output of the pulse 
generator can have variable dynamic properties, is to retain the idea that the pulse 
generator in the motor system has fixed properties, and to postulate that its input 
мдпаі has task-related dynamic properties. Suppose for example that the signal 
specifying the location of the saccade goal builds up gradually and that the time 
needed to reach its final amplitude is task dependent. Then, if the pulse generator is 
alieady enabled while the goal-specifying signal is still building up, the motor error 
signal rer-^ains smaller and the resulting saccade is slower. 
In a recent modified version of the internal feedback model (Scudder, 1985) the 
driving signal is a temporally integrated (and spatially weighted) signal from collicu-
lar movement cells. Scudder has shown that slow saccades can be simulated by this 
model if the collicular saccade-related burst is stretched in time. As will become clear 
below, there is now evidence that the saccade-related activity in collicular movement 
i ells is indeed different for fast and slow saccades. 
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4.3 Possible neural mechanisms underlying the observed 
differences in saccade properties: Experimental studies 
The deeper layers of the superior colliculus contain neurons which burst before and 
during a saccade into their movement field. Many of these cells also have a response to 
a visual stimulus in their visuomotor field so that they discharge twice in succession 
when a V-saccade is made. The generation of the saccade-related burst is almost 
certainly influenced by extracollicular signals. It is now commonly assumed that 
the temporary cessation of tonic inhibition from the substantia nigra (Hikosaka and 
W'urtz, 1983a, 1983b) assists in shaping the collicular saccadic burst. Excitatory 
signals from other higher centers, such as the frontal eye fields, may also contribute. 
It is known that the initial visual response is neither sufficient nor required for 
a saccade-related burst to occur. Thus, in trials where the stimulus does not evoke 
a saccade, the "gating" signal from the substantia nigra is withheld and the sensory 
response is not followed by a second burst. On the other hand, it is also known that 
collicular movement cells can still have a saccade-related burst even when there is no 
visual stimulus in their field (Mays and Sparks, 1980; Jay and Sparks, 1984). 
There are some recent indications that, although the presence of a visual stimu-
lus is not an absolute condition for the occurrence of the saccade-related burst, this 
motor-related discharge is weaker in cases where the stimulus is absent. For example, 
the saccadic burst appears to be weaker when the animal makes a corrective saccade 
in the dark after a perturbation in eye position by collicular electrical stimulation 
(Sparks and Porter, 1983) or an R-saccade (White and Sparks, personal communi-
cation, 1986). These results suggest the possibility that the background discharge 
rale of collicular movement cells modulates the strength of their movement-related 
discharge. Furthermore, they raise the question of whether such a mechanism may 
actually influence the dynamic properties of the saccade. It is interesting to note 
in this context that local inactivahon of the colliculus by muscimol (Hikosaka and 
Wurtz, 1985a) or by lidocaine (Hikosaka and Wurtz, 1986) makes V-saccades not 
only dysmetric but also abnormally slow. Moreover the application of bicuculline, 
which presumably disinhibits collicular neurons, appears to speed up R-saccades so 
(liai they become almost as fast as V-saccades (Hikosaka and Wurtz, 1985a). These 
studies (see also Berthoz et al., 1986) have started to undermine the long-held belief 
I hat the topographically organized colliculus only carries a spatial code specifying 
I he metrics of saccades and is not part of the neural system which determines their 
(lyiiamic properties. 
The finding of neural activity in the superior colliculus time-locked to both fast 
mid slow saccades shows that this structure is involved in a variety of saccade types. 
So far it is not known what causes the collicular command signal to be task dependent. 
As discussed above, the local level of background excitation in the colliculus (which 
ilst'lf is dependent upon stimulus conditions) may play a role by modulating the effect 
of incoming signals from higher centers. There is also evidence, however, that these 
impinging signals themselves may be task dependent. These data (see below) indicate 
a certain degree of specialisation and division of labour in the system in the sense 
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that the relative contributions from various higher centers and from intracollicular 
mechanisms seem to be different for various saccade types. 
For example, it is known that neurons in the frontal eye fields (Bruce and Gold­
berg, 1985) and the substantia nigra (Hikosaka and Wurtz, 1983a), unlike collicular 
movement cells (Wurtz and Goldberg, 1972), remain unmodulated during sponta­
neous saccades. During V-saccades, however, there appears to be saccade-related 
modulation of activity at all of these levels. Furthermore, there is evidence that the 
frontal eye fields are essential for the execution of Α-saccades (Guitton et al., 1985). 
If, in assembling the saccadic command signal at the collicular level, the contribution 
from various subsystems varies with task conditions it is of course conceivable that 
the final result is also task dependent. 
With the very limited data available, nothing can yet be said about possible neural 
correlates of saccade skewness at these levels. It is of interest to know more about 
the velocity-profile skewness of the slow saccades observed after reversible collicular 
iuaclivation (see above) and in Parkinson's disease. In the latter condition, thought to 
involve dysfunction of the substantia nigra, slow V-saccades can be observed (White 
et al., 1983). 
Surprisingly, only anecdotal reports are available on the behaviour of premotor 
and motoneurons during slow saccades. It is well known that a reduced level of 
alertness causes V-saccades to become markedly slower. Recordings from premotor 
neurons, such as medium lead burst cells show that these cells have radically reduced 
firing rates under these conditions (Henn et al., 1984). For this reason we wondered 
whether the slowness of A- and R-saccades might reflect a reduced level of alertness, 
due perhaps to the temporary absence of a light stimulus at the time when the 
saccade is made. However, on several grounds we consider this as an unsatisfactory 
explanation of our data: 1) It could be shown that Α-saccades remain slow even 
when the anti-cue stimulus is left on during the entire Α-trial (see Results). 2) To be 
performed correctly, especially the Α-task requires utmost concentration, certainly if 
latency is to remain short. It was noticed that also correct short-latency A-responses 
were markedly slower than control V-saccades. 
4.4 Concluding remarks 
On the basis of our results we feel that there are strong reasons for including the 
skewness parameter in quantitative descriptions of normal and pathological saccades 
which, so far, have been limited to the so-called main-sequence relations. The accel­
eration fraction is less useful in this respect, due to the inherently larger amount of 
scatter (see Results, final paragraph). 
From the preceding discussion two more points can be made: First, the paucity 
of relevant neurophysiological data plainly illustrates the need for a better knowledge 
of neural activity patterns (related to the different saccade types) at various levels in 
I he system. Second, the idea that task conditions and the sensory environment can 
iilFect the metrics of saccades, but not their dynamic properties, is not tenable. In 
order to develop a more complete model of the saccadic system, able to explain why 
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t h e d y n a m i c s of saccades m a y depend on s t i m u l u s (or t a s k ) c o n d i t i o n s , one needs t o 
rons ider t h e possibil ity t h a t t h e v i s u o m o t o r s y s t e m influences t h e d y n a m i c p r o p e r t i e s 
of saccades. To be m o r e specific, we t h i n k t h e t i m e h a s come t o i n c o r p o r a t e t h e t y p e 
of signal process ing in t h e superior colliculus i n t o a n e x t e n d e d version of t h e i n t e r n a l 
feedback model . T h e colliculus conta ins v i s u o m o t o r n e u r o n s whose saccade-re la ted 
discharge is m o t o r in t h e sense t h a t it is t ime-locked a n d r e l a t e d t o t h e m e t r i c s of t h e 
saccade b u t v i s u o m o t o r in t h e sense t h a t t h e vigour of t h i s discharge is also s t imu-
lus d e p e n d e n t . If t h e discharge frequency of these n e u r o n s is of i m p o r t a n c e for t h e 
d y n a m i c p r o p e r t i e s of saccades (see above) , it is n o t surpr i s ing t o find t h a t s a c c a d e 
dynamics may b e s t imulus a n d task d e p e n d e n t as well. 
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... the insight which Einstein showed in 1905. It came to him when, looking at the 
discrepancies within physics then, he asked himself how in fact one would set about doing 
what Newton took for granted, namely comparing the time in two places far apart. Once the 
question is put, everyone can answer it: you cannot make any comparison at two different 
places without sending a signal and observing its arrival. The insight is not in answering the 
question: it was in asking it. 
Jacob Bronowski 
Abstract 
Several recent studies indicate that saccades elicited in the absence of a vi-
sual target are slower than visually-guided movements of the same size. In ad-
dition, we have shown earlier that the slower saccades observed in two different 
paradigms had more asymmetrical (skewed) velocity profiles. Recently, it has 
been reported that predictive saccades are also slower. 
* Experimental Brain Research (in press) 
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An interesting question, which arises if predictive and visually-guided sac-
cades do have different velocity profiles, is whether the time when the transition 
occurs can be determined from their dynamic characteristics (peak velocity and 
skewness) and whether this transition latency can serve as a plausible criterion 
for distinguishing predictive and visually-guided saccades. 
To investigate this problem, visually-guided and predictive saccades were 
elicited by various experimental paradigms in six normal human subjects. Буе 
movements were measured using the double-magnetic induction method. 
We found that scatter plots of normalized peak velocity against latency 
showed an abrupt, small (10-20%) increase at a surprisingly short latency (about 
30-70 ms). Furthermore, skewness of the saccadic velocity profile showed a sig­
nificant drop at comparable latencies. There was a tight correlation between 
(1) the peak velocity transition latency and (2) skewness transition latencies of 
each subject. Considering the shape of the latency histograms in this and earlier 
studies, as well as other data, it appears unlikely that these very short transition 
latencies demarcate the distinction between predictive and fully visually-guided 
saccades. Instead, we suggest the possibility that the visual stimulus can speed 
up saccades at an earlier time than it can initiate and guide them. If this is the 
case, the very short transition latencies (mean: about 50 ms) probably represent 
the sum of afferent and efferent pure time delays in the system and do not in­
clude the time needed for the computation of saccade metrical properties. 
K E Y W O R D S : saccade dynamics — saccade skewness — saccade latency — 
predictive saccades — square-wave tracking 
1 Introduction 
Although slight differences in saccade d y n a m i c s have b e e n not iced in different experi­
m e n t a l p a r a d i g m s (Becker a n d Fuchs, 1969; Zambarbier i et al., 1982), one of t h e most 
s i n k i n g p r o p e r t i e s of t h e saccadic system has always b e e n t h e s te reotyped character 
of its m o v e m e n t s . Accordingly, since paradigm-re la ted differences in saccade d y n a m ­
ics seemed r a t h e r u n i n t e r e s t i n g a n d a lmost trivial, few a t t e m p t s have been m a d e t o 
account for these effects. T h e internal-feedback model of t h e saccadic system (Robin-
Mui, 1975; Van Gisbergen et al., 1981), for example, proposes explicitly t h a t saccades 
based on in format ion of qu i te different origin (visual, audi tory , tact i le , vest ibular, 
memory, predict ive, cognitive) are all generated by t h e s a m e pulse generator in t h e 
linai c o m m o n p a t h w a y of t h e m o t o r sys tem. By impl icat ion, all these saccades have 
.in invar iant a m p l i t u d e / p e a k ve loc i ty/durat ion (main-sequence) re lat ionship in t h e 
model . 
Recent d e v e l o p m e n t s have revived t h e interest in t h e different saccade character­
istics revealed in various e x p e r i m e n t a l p a r a d i g m s : First, t h e r e is now evidence t h a t 
various v i suomotor areas in t h e b r a i n play par t ly d is t inct roles in t h e generat ion 
of different saccade types . For example , t h e frontal eye fields seem to be essential 
for t h e control of so-called ant i-saccades (movements away from a visual s t imulus; 
G u i t t o n et al., 1985) and predict ive saccades (Bruce and B o r d e n , 1986), but appar-
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ently play no role in the generation of spontaneous saccades (Bruce and Goldberg, 
1985). Single-unit studies in the substantia nigra of the awake monkey (Hikosaka 
and Wurtz, 1983) have yielded further support for the notion that the control of 
different saccade types is based on a differential involvement of various visuomotor 
control areas in the brain. Very recently, Schiller et al. (1987) have found that the 
superior colliculus, unlike the frontal eye fields, is essentially involved in the gener­
ation of very short latency visually-elicited saccades ("express" saccades; for review 
see Fischer, 1987). Studies in neurological patients seem to agree with this emerging 
picture. For instance, it is known that in Parkinson's disease, a condition involving 
dysfunction of the substantia nigra, the capability to generate predictive saccades to 
a repetitive visual stimulus is significantly reduced (Bronstein and Kennard, 1985). 
Second, recent studies have shown that the differences between the dynamic charac­
teristics of memory-guided saccades (Hikosaka and Wurtz, 1985; Smit et al., 1987) 
and anti-saccades (Smit et al., 1987) on the one hand, and visually-elicited saccades 
on the other, are quite substantial. 
The latter finding, together with earlier reports indicating that visually-elicited 
saccades are faster than saccades made in the absence of a visual stimulus (Becker and 
Fuchs, 1969; Zambarbieri et al., 1982), leads one to expect that predictive saccades, 
occurring during the tracking of a regular square-wave stimulus (Stark et al., 1962; 
Dallos and Jones, 1963), may likewise have a reduced peak velocity. So far, reports 
on the dynamics of predictive saccades have not clarified this issue. Whereas Findlay 
(1981) found identical peak velocities in predictive and visually-elicited saccades, a 
recent report by Bronstein and Kennard (1987) indicates that predictive saccades are 
indeed slower. 
The detailed analysis of two classes of non-visually guided saccades (Smit et al., 
1987) has revealed another criterion which may be useful to distinguish predictive 
and visually-guided saccades. They found not only that memory-guided saccades 
and anti-saccades are slower but also that their velocity profiles are significantly 
more asymmetrical (skewed) than those of visually-guided saccades of the same size. 
Several methods to quantify the degree of skewness objectively have been worked out 
and tested (Van Opstal and Van Gisbergen, 1987; Smit et al., 1987). 
Λη interesting question which arises if predictive and visually-guided saccades 
have different dynamic characteristics is whether the time when the transition oc­
curs can be determined and, if so, whether this transition latency can be used as 
a criterion for separating predictive and visually-guided saccades. In this paper we 
report experiments on human subjects engaged in square-wave tracking which allow 
the complete saccade dynamics/latency relation to be determined. We found a clear 
transition between early, slow saccades with skewed velocity profiles and later, faster 
saccades with more symmetrical velocity profiles. The latency of this transition was 
clearly below 100 ms. In order to check whether this short-latency change in saccade 
dynamics was time-locked to the offset of the fixation spot or to peripheral stimulus 
orrset, we included an experiment in which gaps of different durations were introduced 
between fixation offset and stimulus onset. The results indicate that the transition 
in saccade dynamics is influenced by the onset of the peripheral stimulus. Part of the 
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present results have been pubUshed elsewhere in a preliminary form (Van Gisbergen 
et al., 1988). 
An attempt is made to interpret the results against the background of the Becker 
and Jürgens (1979) model of the saccadic system. Furthermore, the experimental 
data will be put into perspective by comparison with the results of other groups 
which have quantified the latency dependence of other saccadic characteristics. 
2 Methods 
2.1 Experimental paradigms 
Six subjects (5 males, 1 female; ages 20-44), four of whom were neuve, participated 
in this study. Stimuli were rear-projected on a translucent screen, placed at 57 cm 
in front of the subject. Background illumination was kept as low as possible (< 0.06 
cd/m2) so as to make the fine texture of the screen invisible. Fixation and target 
positions were indicated by a 0.4 deg white spot (5 cd/m 2) . After calibration of eye 
position (see below) three different stimulus paradigms were used to elicit horizontal 
predictive as well as visually-guided saccades to the right: 
1) Main-sequence experiments . The data obtained in this experiment served 
to quantify the amplitude/peak velocity relationships (main sequence; Bahill et al., 
1975) of visually-guided saccades (see below). After a central fixation period of ran-
domized duration (700, 900, 1100, 1300, or 1500 ms), the target appeared at 3, 5, 10, 
15, 20, 25, 30 or 35 deg to the right. The stimulus sequence consisted of 40 trials (five 
presentations of each target eccentricity) in a randomized sequence. The subject was 
instructed to refixate the target as quickly and as accurately as possible. To check 
whether subject behaviour was stationary, the same experiment was repeated near 
the end of the session, which lasted up to one hour. 
2) Square-wave st imulus. After five fixation trials at the primary position (for 
calibration), the target light jumped regularly to and fro 40 times between the pri-
mary position and 25 deg to the right at a rate of 0.67 Hz. This frequency was within 
I he range (of about 0.5 to 1.0 Hz) most likely to elicit predictive saccades (Stark et 
al., 1962; Dallos and Jones, 1963; Ross and Ross, 1987). To ensure the occurrence of 
predictive saccades, the subject was instructed to move the eyes as much as possible 
in synchrony with the stimulus and to blink only when fixating peripherally or during 
eye movements to the left, back to the primary position. Blinking during saccades 
may yield highly distorted velocity profiles, and since we were interested in saccadic 
peak velocity, only eye movements to the right were digitized by the computer for 
analysis. The regular square-wave stimulus was repeated up to 10 times in one ses-
sion. A few subjects participated in up to three sessions. 
3) Random-gap step st imulus. The gap stimulus has been used quite often to 
obtain very short-latency ("express") saccades (for review, see Fischer, 1987) and we 
were interested to subject data obtained with this paradigm to our criteria (peak 
velocity, skewness) for determining the minimum latency of visually-guided saccades 
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(see below). After a fixation period with a variable duration (random 500, 750, 1000, 
1250, or 2000 ms), a randomized dark gap lasting 0, 100, 200, or 800 ms was in-
troduced before the target reappeared, always at 25 deg to the right. The stimulus 
consisted of 40 trials. This sequence was repeated up to 10 times in one session. 
The subject was instructed to make a saccade to the peripheral target as soon as it 
appeared. Three subjects participated in three experiments. 
Throughout the session, subjects were kept alert and encouraged in order to avoid 
the slowing down of saccades as a consequence of drowsiness (Ron et al., 1972). 
2.2 Recording of eye movements 
Saccadic eye movements of the left eye were recorded using the double-magnetic 
induction method (Bour et al., 1984). Raw horizontal and vertical eye position 
signals were low-pass filtered (—3 dB at 150 Hz) and digitized with a precision of 12 
bits at a rate of 500 samples/s in each channel and stored on disk in a PDP 11/34 
computer. Off-line data correction for the nonlinearity inherent in the method was 
based upon an extensive set of calibration data collected at the beginning of each 
session (see Bour et al., 1984). Because the pick-up coil in front of the left eye was 
placed slightly off-center (towards the nose), the range for movements to the right, 
reported in this study, extended up to 35 deg. Resolution in this direction was 0.25 
deg, or better, in the range 0-25 deg. 
2.3 Normalization of saccadic peak velocity 
Horizontal eye velocity was computed by differentiating the linearized horizontal po-
sition signal using the central-difference algorithm (T=2 ms; Bahill et al., 1982). 
Subsequently, a symmetrical digital low-pass filter was used to smooth the eye ve-
locity profiles (—3 dB at 76 Hz; Rabiner et al., 1970). Saccade on- and offset were 
determined by computer from the vectorial eye velocity signal using a 30 deg/s level-
crossing criterion. 
The smoothed saccadic velocity profiles were used to determine the peak ve-
locity (Vp) and saccade amplitude {As)- These quantities have a strong nonlinear 
relationship (Bahill et al., 1975) and we characterized this so-called main-sequence 
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to the data obtained in the main-sequence experiments. Only the first saccadic 
response to each target step was analyzed; later corrective saccades were left out. In 
equation (1), Vp represents vectorial peak velocity, Va is the asymptotic peak velocity 
for very large saccades and Ao is an angular constant (Van Gisbergen et al., 1985). 
Fitting this equation separately to data of both the first and the second main-sequence 
experiment in each session yielded two \
a
 values. If no significant change was found, 
equation (1) was fitted to the pooled main-sequence data and the resulting fit was 
iibed for normalization (see below). In the case of a significant change in V
a
, the Vp 
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Figure 1. Peak velocity/amplitude plot of main-sequence data (subject WBS) with best-
Kt curve [equation (1)] indicated by solid line through the data points. The hypothetical 
slow saccade with amplitude As, indicated by the cross, would have a normalized peak 
velocity Fpn of 0.78 [equation (2)]. 
data in the first and second part of the session were normalized separately using the 
iil results of the corresponding main-sequence data. 
The normalized peak velocity (Kpn) for a saccade with amplitude Л5 was obtained 
by: 
Vs (2) 
where Vs is the peak velocity of the saccade under consideration and Vp is the best-fit 
main-sequence value for peak velocity of visually-triggered saccades at that amplitude 
(see Fig. 1). This normalization, apphed to the first saccade of each trial, enabled 
us to compare the peak velocity values of saccades with unequal amplitudes directly. 
We used it mainly to side-step the danger of finding a lower peak velocity at short 
latencies simply because predictive saccades may have lower gains (defined as the 
ratio of saccade amplitude and target eccentricity) as has been reported by Findlay 
(1981), Fischer and Ramsperger (1986), and Bronstein and Kennard (1987). 
2.4 Skewness of saccadic velocity profiles 
'l'ho skewness (asymmetry) of the saccadic velocity profiles was determined using a 
• TH'thod described by Van Opstal and Van Gisbergen (1987). To prevent complica-
(ions caused by short-latency corrective saccades, the vectorial velocity profile was 
clipped to zero from 8 rns after saccade offset onwards. Subsequently, an iterative 
Iil procedure was used to determine the values of the parameters α, β and 7 of 
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the so-called density function of the gamma distribution (gamma function for short; 
Abramowitz and Stegun, 1972; Van Opstal and Van Gisbergen, 1987): 
υ(ί) = a • {t/βγ-1 • e-W < > 0 ; / ? > 0 ; 7 > l (3) 
where v(t) is the saccadic vectorial velocity profile, α and β are scaling constants for 
velocity and duration, respectively, and 7 is a shape parameter indicating the degree 
of asymmetry. Small 7 values indicate asymmetrical shapes; as 7 goes to infinity 
the function assumes a symmetrical (Gaussian) shape. Skewness 5 can be derived 
directly from this 7 value (Abramowitz and Stegun, 1972): 
Typically, the fit procedure converged in about 10 iterations. Sometimes, however, 
the fit procedure yielded a nonphysiological shape, which occurred when the pro­
gram got caught in a local minimum. In order to eliminate these cases, the following 
procedure was adopted. First, we calculated the ratio of the fit curve peak velocity 
to the actual saccadic peak velocity. The resulting values of this parameter, which 
ideally should be equal to 1, were used subsequently to eliminate poorly fitted sac-
cades in two steps. First, saccades with parameter values below 0.7 and beyond 1.3 
were excluded. Second, the mean and standard deviation of the fit-parameter values 
of the remaining saccades were determined. Only saccades with parameter values 
within 3 standard deviations from the mean were finally accepted for the evaluation 
of skewness data. The fraction of saccades excluded from the skewness data varied 
for each subject, but typically remained below 10%. 
In the analysis of saccade skewness, we did not correct for amplitude dependence. 
Since smaller saccades, sometimes observed at short and negative latencies (see e.g. 
Fischer and Ramsperger, 1986) would be expected to be slightly less skewed (Smit 
et al., 1987), the occasional occurrence of hypometric predictive saccades may have 
counteracted the expected increase in skewness of these saccades (see Introduction). 
2.5 Determination of transition latency 
The transition in normalized peak velocity Vpn from slightly slower early saccades to 




 t < ту 
V(t) = V
m
 + Д ^ · (1 - е-С-М/Я) t > ту 
which started rising from an initial value ( V*
m
, set equal to the mean V^, of predictive 
saccades) after a latency of ту ms (relative to peripheral stimulus onset) with a fast 
exponential time course (fixed time constant Τχ: 1 ms) to a final asymptotic V*,, 
value. Thus, for all practical purposes, the fit function as we used it can be regarded 
(5) 
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as very close to a step transition. It was based upon an exponential function solely 
because, for us, this was the most convenient way to implement the fitting procedure. 
This approach yielded best-fit values for ту and Д ^ , based on a least-squares error 
criterion. Similarly, in addition to transition latencies for normalized peak velocity, 
transition latencies for skewness 5 (TS), as well as AS values were obtained, using 
appropriate modifications of equation (5). 
3 Results 
We will now consider various characteristics of saccadic system performance (latency, 
dynamics and gain) in order to see whether these can be used to differentiate between 
predictive and visually-guided saccades. 
Latency. Latency histograms of the three subjects who participated in all ex­
perimental paradigms are shown in Fig. 2. In the square-wave and random-gap step 
histograms in this figure, the presence of a late peak superimposed upon a baseline 
level of earlier saccades, reflects an increase in the probability of saccade generation. 
Subject JHE had no clear late peak in the latency histogram of the square-wave 
paradigm. This was also true for the three other subjects (not shown) who were 
tested with this paradigm. As can be seen in Fig. 2, a more or less distinct late 
peak was found only in the square-wave data of the two remaining subjects (RJB 
and JVG). In the case of the random-gap experiments, however, a peak seems to 
be present in the latency histogram of all three subjects. If these peaks represent 
visually-guided saccades it would follow, in agreement with Findlay (1981), that pre­
dictive saccades may be initiated up to about 100-120 ms after stimulus onset. 
Dynamics. To begin with, we checked whether significant differences in the 
dynamical properties ( Vp,, and 5) of predictive saccades and visually-guided saccades 
could be found. In order to remain on the safe side, only saccades with negative 
latencies were classified as predictive, whereas only saccades with latencies in excess 
of 150 ms were considered to have been visually guided. Since the distributions 
underlying the dynamical parameters under consideration are unknown, we used a 
nonparametric statistical test to compare the histogram pairs of parameter values 
within each subject. For this purpose, the Kolmogorov-Smirnov two-sample test 
(one-tailed) was adopted (Siegel, 1956). The observed Vp,, and S differences between 
predictive saccades and visually-guided saccades were highly significant in 5 subjects 
( I' <^ 0.001). In the sixth subject (RJB) these differences were significant at the Ρ < 
0 01 level. 
Plots of normalized peak velocity Ipn of first saccades against saccade onset la-
lency in the square-wave paradigm are shown in Fig. 3 for all subjects. Saccadic 
latencies in this paradigm typically ranged from about -250 to 300 ms relative to 
peripheral stimulus onset. Although considerable differences in the amount of scatter 
were present among subjects, it is clear from Fig. 3 that the mean Vp„ of negative 
latency saccades (which are predictive by definition) was some 10 to 20% lower than 
in saccades with latencies beyond 150 ms, which are probably of visual origin. This 
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Figure 2. Latency histograms in three experimental paradigms for three subjects. 
Vertical dashed line indicates peripheral stimulus onset. Data obtained in the random-
gap step paradigm have been pooled across gap durations. Bin width: 10 ms. 
difference is in good agreement with Bronstein and Kennard (1987). 
Our major new finding is that in all six subjects the transition from slower to 
faster saccades occurred at a very short latency (ту) and was sharply demarcated 
in most cases (Fig. 3). In subject WBS, an oscillation of Vp,, was seen immediately 
after the transition. This phenomenon, which also seemed to be present in subjects 
JVG and MVG, was apparent in all three sessions of subject WBS. The meaning 
of this oscillation is not clear at present. The best-fit values of ту, found by fitting 
есціаііоп (5) to the data, ranged from 33-65 ms across subjects and had a mean 
<>f 49 ms (Table 1). Since these values were unexpectedly short, all steps in the 
data-acquisition procedure, as well as the computation of latency and the curve-
litting procedures were checked thoroughly to rule out artifacts. Incidentally, these 
Intencies are not implausibly short, since, in a different oculomotor subsytem, Miles et 
al., (1986) have recently reported that ocular tracking responses in monkeys, elicited 
by brief unexpected movements of the visual scene, had latencies of 51 ms. 
We were interested to see whether the transition from the slightly more skewed 
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Figure 3. Normalized peak velocity/latencj plots for all six subjects m the square 
wave paradigm. Horizontal dashed line indicates best fit peak velocity of visually guided 
•saccades in main sequence experiment for each subject; vertical dashed line indicates pe 
ripheral stimulus onset Best fit of equation (5) (see Methods) is indicated by a solid line 
llirough the data points In all subjects, predictive saccades (negative latencies) are slower 
than visually guided saccades (latencies > 150 ms) The transition m peak velocity occurs 
remarkably early 











TV ту ДУрт 
410 49 0.113 
240 54 0.137 
236 62 0.137 
354 50 0.101 
793 33 0.192 
838 43 0.128 
49 0.138 
skewness 
N Ts AS 
372 48 -0.080 
216 52 -0.092 
230 61 -0.097 
347 37 -0.056 
742 25 -0.114 




N TV Αν,» 
331 125 0.069 
312 65 0.146 
268 59 0.168 
83 0.128 
skewness 
N TS AS 
331 п.я. 
308 65 -0.063 
265 57 -0.057 
61 -0.060 
Table 1. Transition latencies (ту and T5) and latency-dependent differences in Vpn and 
5 (AV'pn and AS) in two paradigms, determined by fitting equation (5) to the pooled data 
from each subject. In the data from the random-gap step paradigm of subject RJB, the 
difference in skewness between predictive and visually-guided saccades was not significant 
(n.s.), and hence no meaningful TS value could be determined. 
predictive saccades to the more symmetrical visually-guided saccades occurred at 
comparably short latencies. Such an outcome would provide independent evidence 
for a very short latency process whereby the visual stimulus affects the dynamical 
properties of the saccade. After all, although it seems that saccade speed and the 
shape of the associated velocity profile are de facto related (Smit et al., 1987), there 
is no α priori reason why there should be any relation at all. 
In addition to the increase in Vpn, a short-latency decrease in skewness was indeed 
found in all subjects (Fig. 4). As for the increase in V ,^,, the drop in skewness was 
highly significant in five subjects (P < 0.001) and somewhat less so in the sixth 
subject RJB (P < 0.01). The fit procedure, when applied to the skewness/latency 
relationship (see Methods), yielded Ts values which were in the same short latency 
range as the corresponding ту values. It can be seen in Table 1 that saccades become 
less skewed at about the same latency when they become faster. Actually, the two 
transition latencies appear to be highly correlated (r — 0.96, N — 8; see Fig. 5). 
The short-latency change in saccade dynamics was found consistently in separate 
experiments carried out over a period of several months in three subjects. Despite 
I lie large amount of scatter in the data, the resulting best-fit values for ту and TS 
were still similarly low (Table 2). 
With the exception of the τγ value of subject RJB (see Table 2), the transition 
latencies obtained from the random-gap step experiments were in the same range 
as those obtained in the square-wave experiments. In two subjects (Fig. 6,) the 
increase in V^ ,, and the drop in 5 was highly significant ( P < 0.001). In the third 
subject (RJB), only the difference in Vpn was significant (P < 0.01), while the skew­
ness data showed no significant difference between predictive and visually-guided 
saccades. The predictive saccades (negative latency, see Fig. 6), in the random-gap 
step experiments, which were needed to determine Vi
n
 in equation (5), were observed 
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Figure 4. Skewness/latency plots for all six subjects in the square wave paradigm 
\ orticai dashed line indicates peripheral stimulus onset Best fit of equation (5) is indicated 
In a sohd line through the d a t a points A very early transition in skew ness is present in 
<ill bubjects 
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Figure 5. Relationship between ту and rs for all subjects in both paradigms. Data 
from subject RJB in random-gap step paradigm have not been included (for explanation 





























































Table 2. Transition latencies (ту and TJ) and latency-dependent differences in Vpn and 5 
(AVpr, and Δ5), determined by fitting equation (5) to the data from separate square-wave 
(racking sessions for each subject. 
mostly in the trials with gap durations of 200 and 800 ms. Since the data in Fig. 6 
were pooled across gap conditions, the abrupt change in Vpn and skewness cannot be 
the consequence of an arousal effect caused by the offset of the fixation stimulus. 
Gain. In contrast to the findings of other groups, who reported that predictive 
saccades generally have lower gain values than visually-guided saccades (see Discus­
sion), we found significant differences in the gain of the two saccade types in only 2 
out of 6 subjects ( P < 0.01 and Ρ < 0.001, respectively). Thus, in our conditions 
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Figure β. Normalized peak velocity/latency (top row) and skewness/latency plots 
(bottom row) for two subjects in the random gap step paradigm (see also Table 1 ) Same 
conventions as m Figs 3 and 4 
4 Discussion 
4.1 General remarks 
In agreement with Bronstein and Kennard (1987), we found that predictive saccades 
art up to 20% slower than visually elicited saccades. In addition, our results show 
that predictive saccades have more asymmetncally shaped velocity profiles This 
hnding supports the notion that the increased skewness (Smit et al , 1987) may hold 
for л\\ non visually guided saccades For suggestions on why slower saccades are more 
skewed we refer to the Discussion in their paper The fact that Findlay (1981) was 
unable to find a change in the dynamics of predictive saccades has been ascribed to 
(lie small saccade amplitudes used in his study (see Bronstein and Kennard, 1987) 
\\ li\ predictive saccades are clearh faster than other types of non-visually guided 
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saccades (Smit et al., 1987) remains unexplained at present. 
4.2 Minimum latency of visually-guided saccades 
Hased on an analysis of metrical saccade properties, observed in experiments where 
the target jumped either to the right or to the left, Kalesnykas and Hallett (1987) 
have been able to make a distinction in the short-latency range between predictive 
saccades, characterized by a considerable percentage of wrong-direction responses, 
and visually-guided saccades which bring the eye near the target. They found that 
consistently correct saccades were made only at latencies beyond 120 ms. Several 
other groups had reported earlier that predictive saccades have, on average, smaller 
gains than later, visually driven saccades (Saslow, 1967; Findlay, 1981; Fischer and 
Ramsperger, 1986). Kalesnykas and Hallett point out, however, that saccade size 
per se is not a reliable criterion for distinguishing between predictive and visually-
guided saccades: some very early responses in their experiments still had correct 
metrical properties. Most of the subjects in the present study showed no significant 
difference in gain for the two saccade types, confirming the observation of Kalesnykas 
and Hallett that gain is an inadequate criterion for separating the two types. 
4.3 Possible interpretation of the very short transition 
latencies 
In an attempt to interpret these findings, we will now proceed with the discussion on 
the basis of the scheme in Fig. 7 which is an adapted and strongly simplified version 
of the conceptual model proposed by Becker and Jürgens (1979). 
In this scheme, the stimulus enters two pathways: the visual and the prediction 
system. The output signals of these two systems contain information which is pro-
cessed by a stage responsible for the computation of saccade metrics corresponding 
with the central decision and computation stage in the Becker and Jürgens model. 
This computation requires at least Tç ms. After the metrics computation, based 
on the visual or the prediction signal (or both), has been completed the saccade is 
executed by the saccadic pulse generator whose activity determines the metrical as 
well as the dynamical properties of the saccade (Robinson, 1975). 
In addition to the computation time Tc, the afferent delay (Тд) in the visual 
system and the efferent delay ( T E ) in the motor system also contribute to saccade 
latency (Becker and Jürgens, 1979). We propose that the visual target stimulus may 
have two distinct effects at different latencies. The first envisaged effect, already 
visible in saccades with latencies beyond about 50 ms, is to bring the saccadic pulse 
Renerator in an enhanced-gain state without affecting the metrics of the movement. 
In this way, the stimulus can speed up saccades initiated and guided by the prediction 
system (see upper pathway in Fig. 7). The second effect of the stimulus proposed 
in this figure allows the system computing the metrical properties of saccades to 
generate fully visually-guided movements (after about 120 ms, see Kalesnykas and 
Ihillett, 1987). 














Figure 7. Conceptual scheme, inspired by the Becker and Jürgens (1979) model, to 
explain how the visual target might already speed up anticipatory saccades before it can 
generate fully visually-guided movements. See text for further explanation. 
Thus, in this scheme, the shortest latency when visually-guided saccades can be 
generated equals Т
л
 + Tc + TE ms. Now consider the case, shortly after a stimulus 
slep, when the metrics box, fed by the prediction signal, has already completed its 
computation. The earliest time when such a fully predictive saccade can be speeded 
up by the visual stimulus equals TA + Тц ms. If this interpretation is correct, saccades 
occurring at the peak velocity transition latency ту were still fully guided by the 
prediction system. Another implication is that ту (mean: 49 ms) equals the sum of 
afferent and efferent delays in the system. Assuming that the sum of all delays (Г4 
+ Tc + ТЕ) can be put at 120 ms (Kalesnykas and Hallett, 1987), this would leave 
some 70 ms for computation time Tc in the earliest fully visually-guided saccades. 
In view of the tight relationship between ту and T5 (see Fig. 5), a consideration of 
the equally short skewness transition latencies (mean: 44 ms) would lead to a similar 
conclusion. 
One way to evaluate our interpretation of ту (and T5) is to ask whether a time 
of approximately 50 ms is reasonable for the sum of afferent and efferent delays, in 
view of data from the literature on the (electro)physiology of the visuomotor system. 
The problem in determining the value of afferent and efferent delays is that the result 
depends on how and where it is measured. From lesion studies, it seems reasonable to 
suggest that values obtained from the primate collicular visuomotor system are most 
1 élevant for an understanding of the timing of very early human saccades (Schiller et 
ni., 1987). For this system, estimates of the afferent delay, using electrophysiological 
recordings, have ranged upward from 40 ms (Wurtz and Goldberg, 1972). The efferent 
delay has been estimated to be at least 20 ms in single-cell recording experiments 
(Sparks, 1978; Mays and Sparks, 1980). Stimulation experiments in SC resulted 
in efferent delays with lower values of 10 (Schiller and Stryker, 1972) and 20 ms 
( Uobinson, 1972). Taken together, these data would indicate that the sum of Тд and 
'Γ/ι, is at least in the range of 50-60 ms, which is in nice agreement with the range of τ 
\alues reported in this paper. Of course, in view of the spread in individual τ values 
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in the present study (see Table 1), statistical analysis is needed to check whether the 
latencies in our study are not significantly different from the 50-60 ms delays found 
in the electrophysiological literature. This is clearly less than the minimum latency 
for express saccades in the monkey (about 70 ms, Fischer and Boch, 1973). If our 
hypothesis is correct, this express saccade latency, which WEIS interpreted by Fischer 
find Boch as consisting of afferent and efferent delays only, must also include a short 
computation time (Tc in Fig. 7). 
Based upon an analysis of responses to double-step stimuli in human subjects, 
Becker and Jürgens (1979) arrived at a somewhat higher estimate (81 ms) for the 
sum of afferent and efferent delays. This result is a mean value; in individual cases 
the delay ranged from 30 to 130 ms. Thus, in summary, our interpretation of Τγ as 
representing the sum of afferent and efferent delays is not in obvious disagreement 
with other data in the literature which were obtained in entirely different experiments 
and based on other criteria. 
Finally, it is interesting to speculate on a possible neural basis for the proposed 
visual signal effect on the saccadic pulse generator. Recent experiments by Munoz 
¡md Guitton (1987) seem particularly relevant in this regard. In line with Berthoz 
et al. (1986) and Rohrer et al. (1987), who reported that the discharge rate of 
collicular burst neurons is related to saccade velocity, Munoz and Guitton found that 
the instantaneous firing frequency profile of collicular burst neurons in cats resembled 
the mean gaze velocity profile. This was true for both fast visually-guided movements 
and slower predictive movements. It was observed repeatedly that the presentation 
of a visual target stimulus when the cat was engaged in predictive tracking, led to a 
sudden increase in burst frequency followed 10 ms later by a reacceleralion of the eye. 
Since response latencies of collicular neurons are of the order of 40 ms, this suggests 
that, in the cat, visual information can modify an eye movement in 50 ms, a result 
dose to our human data. It is possible that a visual input to these neurons allowed 
them to respond more briskly to the prediction command signal. Visual inspection of 
the velocity profiles of all saccades initiated around Ту of subject JVG (who showed 
I he most pronounced abrupt transition in V^) did not reveal the presence of similar 
iibrupt accelerations in the velocity profiles in our data, where the difference in peak 
velocity between predictive and visually-guided saccades was less spectacular than 
in the cat. Therefore, our negative finding does not imply that the acceleration 
phenomenon is absent in the human. 
4.4 Conclusion 
We propose that the square-wave tracking paradigm may be used to obtain informa-
lion on the sum of afferent and efferent delays in the visuomotor system controlling 
I he generation of saccades. A total of about 200 saccades, requiring only some 15 
minutes of recording time, is sufficient to determine the transition latency in one sub­
ject. The same criterion can be applied to data obtained with the random-gap step 
paradigm without the need for weeding out predictive saccades and without requir­
ing an analysis of the shape of the latency histogram. The square-wave paradigm, 
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used for t he purpose descr ibed in this paper , is very s t ra igh t forward and allows t h e 
necessary d a t a t o be collected quickly, making the m e t h o d potent ia l ly useful in a 
clinical se t t ing . 
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Component Stretching in Fast and Slow Oblique 
Saccades in the Human 
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"A cracked code remains a code. An expert can peel away layer after layer. It's inex-
haustible. One digs ever deeper into more, and more inaccessible strata. That journey has no 
end.» 
"How can this be? What about 'There will be no answer' — didn't you say that was the final 
result?" 
"No. It was only a stage. Real enough, within the framework of those proceedings, but a stage 
nonetheless. Give it some thought; you 41 come to the same conclusion. " 
"I don't understand. " 
"You will, in good time. Yet even that will be but another stage." 
Stanislaw Lem 
Abstract 
We have studied the dynamics of human saccades along various cardinal 
(horizontal and vertical) and oblique directions in two different experimental 
paradigms yielding fast and slow saccades, respectively. We found that the 
saturation of vectorial peak velocity with amplitude, which is already well known 
from earlier studies on fast saccades, was equally pronounced in slow saccades. 
In both paradigms, the saturation level had a quite similar strong dependence on 
saccade direction. This common anisotropy was studied quantitatively by fitting 
'submitted to Expérimental Brain Research 
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the vectorial peak velocity /amplitude relationship (main-sequence, Bahill et al., 
1975) with a two-parameter exponential function. 
We found that the main-sequences of fast saccades in different directions were 
not simply scaled versions of one another. Instead, whereas peak velocity showed 
little direction dependence in small saccades, different rates of saturation with 
amplitude in different directions (expressed in the angular constant parameter) 
caused the bundle of main-sequence curves to fan out at larger amplitudes. This 
property was also reflected in a straight-line relationship between the angular 
constant and the asymptotic peak velocity parameters of the main-sequence. 
This relationship was less obvious in slow saccades. 
We also studied the main-sequences of oblique saccade components in both 
paradigms and found clear evidence for component stretching which increased 
as the saccade vector turned away from the cardinal direction under study. 
These experimental findings, revealing several common features in fast and 
slow saccades, were compared with quantitative predictions for the dynamics 
of oblique saccades, made from several existing two-dimensional models of the 
primate saccadic system. The independent model, assuming independence of 
saccade components, failed to match the data. Two other models, predicting 
that the dynamic properties of component? depend upon the direction of the 
saccade vector, are discussed. 
K E Y W O R D S : human — fast and slow oblique saccades — main-sequence 
— stretching —· anisotropy — models 
1 Introduction 
In order t o gain m o r e insight in t h e processes under ly ing t h e g e n e r a t i o n of hor izonta l 
a n d vertical c o m p o n e n t s in h u m a n oblique saccades, we have elicited fast a n d slow 
saccades in several d i rect ions . T h e s e d a t a were c o m p a r e d wi th q u a n t i t a t i v e predic­
t ions from t h r e e exist ing model s . P a r t of the present resul t s have been publ ished 
elsewhere in a p r e h m i n a r y form (Van Gisbergen et al., 1988). 
T h e g e n e r a t i o n of obl ique saccades raises interest ing quest ions which are relevant 
for t h e general p r o b l e m of how the t r a n s f o r m a t i o n from spat ia l t o t e m p o r a l signals 
at a per iphera l level in t h e saccadic sys tem is i m p l e m e n t e d . Signals at centra l levels 
are generally believed t o be spatial ly coded in neura l m a p s a n d to specify t h e desired 
saccade vector ( a m p l i t u d e , R a n d direct ion, Φ; Sparks , 1986), whereas t h e per iphera l 
saccadic sys tem seems t o be organized in Cartesian coord inates (roughly hor izonta l 
and vert ica l) , a n d carries t e m p o r a l l y coded signals ( K i n g et al., 1976; Fuchs et al., 
I ()85). O n e of t h e centred issues in o t u l o m o t o r control is t o u n d e r s t a n d how the 
spatial ly coded signal, specifying t h e desired saccade vector, is converted in to t h e 
lempora l ly coded, componeni-re lated signals. 
In the one-dimensional in te rna l feedback model for saccade generat ion (Robinson, 
1975b), horizontal medium-lead burs t cells ( M L B s ) , which carry t h e eye velocity sig­
nals, are driven by hor izonta l m o t o r error. According t o this m o d e l , which has a l i n e a r 
οι u lomotor p l a n t , t h e nonl inear re lat ion between saccadic peak velocity a n d saccade 
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amplitude, the so-called main-sequence (Bahill et al., 1975), is the consequence of a 
static nonlinearity in the MLBs which causes peak firing rate in the motor burst to 
saturate for large saccades (Keller, 1974; Van Gisbergen et al., 1981). As Robinson's 
model is one-dimensional, it cannot predict the main-sequence of oblique saccades 
without further assumptions. 
By now, it is well established that components of visually-guided oblique sac-
cades have longer durations than purely horizontal or vertical saccades of the same 
amplitude. This so-called stretching phenomenon has first been reported in the cat 
(Evinger and Fuchs, 1978; Guitton and Mandi, 1980b; Evinger et al., 1981), and, 
more recently, also in the monkey (Van Gisbergen et al., 1985; King et al., 1986) and 
the human (King et al., 1986). Stretching is also reflected in a decrease in peak veloc-
ily of the main-sequence relation of saccade components. In human oblique saccades 
with components of unequal size, it has been observed that the smaller component, 
although clearly stretched in duration, does not always have the same time course as 
the larger component. This difference in component dynamics is related to the oc-
currence of curvature in human oblique saccade trajectories (Bahill and Stark, 1975; 
Viviani et al., 1977). 
There is some evidence, in the cat, that the amount of component crosscoupling 
in nonvisually-guided saccades may be different (Guitton and Mandi, 1980a,b). The 
possibility that the amount of stretching may be task-dependent has not been inves-
tigated in humans and is of some theoretical importance. There are good reasons 
to assume that stretching has mainly a neural (rather than a mechanical) origin 
(King et al., 1986). Since saccades made in different experimental paradigms require 
the participation of different central neural subsystems (see e.g. Smit et al., 1987) 
whose signals are relayed through a final common pathway (see also King et al., 
1986), data on the presence of task-dependent stretching may provide clues as to 
which level in the neural control system is responsible for these effects. Therefore, we 
have investigated the degree of crosscoupling in horizontal and vertical components 
of human oblique saccades in two different paradigms. Specifically, we elicited both 
vihually-guided and memory-guided saccades along cardinal and oblique directions. 
Although the saccades to a remembered target are considerably slower than visually-
guided saccades (Smit et al., 1987), analysis of the present data from the perspective 
of I his study shows that the two saccade types have several important characteristics 
in common. In particular, we found that saturation of vectorial peak velocity in 
large saccades and the degree of component stretching was at least as pronounced 
iti memory-guided as in the faster visually-guided saccades. In addition, the data 
revealed the existence of a common direction dependence (anisotropy) in the peak 
velocity saturaron level of large saccades 
In an attempt to interpret our data, we consider three existing models for the 
generation of oblique saccades and evaluate their performance. Two of these mod-
els, the so-called independent (I-)model, having independent horizontal and vertical 
pulse generators, and the common source (CS-)model, having a single vectorial pulse 
generator, have been recapitulated in Fig. 1. 
In monkeys, which exhibit nearly straight oblique saccades, the CS-model appears 

















F i g u r e 1. Summary of the signal transformations in two models of the saccadic system. 
Both schemes have two signal transformations in common: the representation of the sac-
cade vector is decomposed into signals related to the horizontal and vertical components 
of saccades and a position error signal is translated into an eye velocity command signal, 
a process known as pulse generation. Since pulse generation is assumed to be a nonlinear 
process, the precise sequence of these two signal transformations (vector decomposition 
and pulse generation) is of crucial importance for the characteristics of the resulting eye 
movement. The two schemes differ in the sequence in which decomposition and pulse 
generation occur. 
( A ) . In the independent (I-)model (Bahill and Stark, 1975, 1977), vector decomposition 
(V) precedes pulse generation, and horizontal and vertical error signals are translated in-
dependently by the horizontal and vertical pulse generator [РСц and PGv, respectively) 
into the horizontal and vertical eye velocity command signals carried by the horizontal and 
vertical MLBs. Finally, these neural command signals are transformed into eye velocity 
signals by the oculomotor plant ( Я and 1 ) . 
( B ) . Conversely, in the common source (CS-)model (Van Gisbergen et al., 1985) vec­
tor decomposition follows pulse generation. This requires a vectorial pulse generator 
(ì'(ìyEc)j whose vectorial velocity command signal is subsequently decomposed (in D) 
into component-related velocity signals of the horizontal and vertical MLBs. Since the 
component velocity command signals arc derived, by vector decomposition, from a com-
mon signal generated by a nonlinear pulse generator, the horizontal (vertical) eye velocity 
is less than in purely horizontal (vertical) saccades (stretching). It should be noted that 
the model does not predict stretching if PGVEC is linear. 
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to account reasonably well for the observed component stretching (Van Gisbergen et 
al., 1985) and to perform much better than the I-model. In humans, where saccades 
often have more or less curved trajectories (Viviani et al., 1977) as well as compo-
nent stretching (King et al., 1986), neither the CS-model, which predicts straight 
trajectories, nor the I-model, which allows for the possibility of curved saccades but 
has no stretching, can perfectly match the data. In order to cope with this problem, 
Grossman and Robinson (1988) have recently proposed a modified version of the I-
model where the gain of the horizontal pulse generator is tuned down by the activity 
of the vertical pulse generator, and vice versa. The degree of crosscoupling (A) is a 
free parameter in the model which determines the amount of component stretching. 
When λ = 0, the model is identical with the I-model. The main features of this 
model, denoted here as the crosscoupled pulse generator (CPG-Jmodel, are outlined 
in Fig. 2. 
On the basis of a limited set of examples, Grossman and Robinson have shown 
that their model has the potential to explain both curvature in saccade trajectories 
and component stretching. So far, there is no sufficiently complete data set in the 
literature on human saccades which allows the CPG- and CS-model to be tested 
systematically. In order to fill this gap, we have undertaken the present study. The 
data obtained have been compared with the predictions from both models. To put 
the performance of these models in a somewhat broader perspective, we have also 
included predictions from the I-model. 
2 Methods 
2.1 Experimental paradigms 
Four subjects (3 males, 1 female; ages 24-44), two of whom were naive with respect 
to the purpose of the experiment, participated in this study. Stimuli were rear-
projected on a translucent screen, placed at 57 cm in front of the subject. Background 
illumination was kept as low as possible (< 0.06 cd/m 2 ) so as to make the fine texture 
of the screen invisible. Fixation and target positions were indicated by a 0.4 deg white 
spot (5 cd/m 2 ) . After calibration of eye position (see below) two different stimulus 
paradigms were used: 
(1) Visual target paradigm (V): after extinction of the central fixation light, the 
larget appeared at a peripheral location. The subject was instructed to refixate the 
target as quickly as possible. 
(2) Remembered target paradigm (R): while the central fixation light remained 
lit, a flash (0.4 deg diameter, 200 ms duration) cued the peripheral target location. 
The subject was instructed to make a saccade to this position as soon as possible after 
the fixation light went off (200, 400, or 600 ms following peripheral-flash offset). The 
(arget reappeared 500 ms later to provide the subject with feedback about his/her 
performance. 
In both paradigms, target positions in the first quadrant of the visual field were 
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F i g u r e 2. Schematic representation of the CPG-model. 
( A ) As in the independent model, vector decomposition precedes pulse generation, but 
now the output of the horizontal pulse generators causes a decrease in the gain of the 
vertical pulse generators and vice versa (for more details see Grossman and Robinson, 
1988). 
( B ) . The gain of each nonlinear pulse generator (solid curve) is tuned down by activity (Z.) 
of the other to a lower value (dashed curve). The amount of crosscoupling is determined 
by gain factor A. This mutual influence of horizontal and vertical pulse generators results 
eflectively in a dynamical pulse generator nonlinearity. Thus, oblique saccades generated 
bv the CPG-model may exhibit stretching, depending on the strength of the coupling 
between components as determined bv the values of the crosscoupUng parameters Ая and 
Αι When Хц = Αν = 0 the CPG-model reduces to the I-model, generating saccades with 
independent component dynamics. 
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at 7 eccentricities (5, 10, ... , 30, 35 deg) and in five directions (0, 30, 45, 60, and 
90 deg, where 0 deg is the rightward direction, seen from the subject). A stimulus 
sequence (either V- or R-trials) consisted of one presentation of each of the 35 target 
positions. The targets were presented in different randomized sequences, with inter-
trial intervals of 1000, 1500, or 2000 ms and fixation durations (preceding target 
onset) of 700, 900, 1100, 1300, or 1500 ms. Interval and fixation duration were 
randomized. Target positions in the other three quadrants were tested by appropriate 
rotations of the first-quadrant stimulus sequences. In each session, up to 8 V- and R-
sequences were presented in alternating fashion in one quadrant. All four quadrants 
were tested in subjects CLB and JVG; in subjects IMF and PVM, only the first 
quadrant was used. 
Throughout the session, subjects were kept alert and encouraged in order to avoid 
the slowing down of saccades as a consequence of drowsiness (Ron et al., 1972). 
2.2 Recording of eye movements 
Saccadic movements of the left eye were recorded using the scleral search coil method 
(Collewijn et al., 1975; coils were obtained from Skalar, Delft), because of its large 
linear measuring range. The double-magnetic induction method (Bour et al., 1984), 
which has a smaller range and is less linear, was used in subjects IMF and PVM 
who found the lead of the search coil too irritating. In all cases, raw horizontal and 
vertical eye position signals were low-pass filtered (—3 dB at 150 Hz), digitized with 
a precision of 12 bits at a rate of 500 samples/s in each channel and stored on disk 
in a PDP 11/34 computer. Off-line data correction for the nonlinearity, inherent to 
different extents in both methods, was based upon an extensive set of calibration 
data collected at the beginning of each session (see Bour et al., 1984). In order to 
extend the range of measurement for movements to the quadrant under consideration 
when using the double-magnetic induction method, the pick-up coil in front of the 
left eye was placed slightly off-center towards this quadrant. In this way, the range 
of saccade amplitudes could be extended up to 35 deg. Resolution in this quadrant 
was 0.25 deg, or better, in the range 0-25 deg. 
(C). Nomogram relating the parameters of the pulse generator in the CPG-model (B
m
, 
and 6; see Grossman and Robinson, 1988) to the resulting main-sequence parameters {V
a 
and Ao) of horizontal (vertical) saccades. Parameter B
mi· represents the maximum output 
of the pulse generator in the absence of crosscoupling (Ля = λν = 0), and 6 is the angular 
constant of the pulse generator nonlinearity. For example, to simulate the main-sequence 
parameters V» = 390 deg/s and AQ — 6.5 deg, we used B
mi = 400 deg/s and b — 3.0 deg 
for the horizontal pulse generators. The values proposed by Grossman and Robinson (B
ml 
= 625 deg/s; b = 12 deg) proved unsuitable for simulating our data. 
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2.3 Main-sequence fits 
Using the linearized data, vectorial eye velocity was computed from the position sig-
nals by differentiation based on the central-difference algorithm (T=2 ms; Bahill et 
al., 1982). Subsequently, a symmetrical digital low-pass filter was used to smooth 
the eye velocity profiles (—3 dB at 76 Hz; Rabiner et al., 1970). Saccade on- and 
offset were determined by computer from the vectorial eye velocity signal using a 30 
deg/s level-crossing criterion. In order to be included in our analysis, first saccadic 
responses had to start within 1.5 deg from the central fixation position, and to have 
an amplitude of at least 2 deg. Furthermore, R-saccades were required to start after 
the central fixation light went off but before the reappearance of the peripheral target 
(see above). 
The smoothed saccadic velocity profiles were used to determine the peak velocity 
of the movements. Saccade peak velocity (Vp) and saccade amplitude (As) have a 
strongly nonlinear relationship. We characterized this so-called main-sequence rela-
tionship (Bahill et al., 1975) for the vectorial velocity data in each direction, as well 
as for the horizontal and vertical components, by fitting the equation: 
Vp = Va • (1 - e-Á^A') (1) 
to the saccades obtained in V- and R-experiments. In this equation, Vp represents 
vectorial (or component) peak velocity, V,, is the asymptotic vectorial (or component) 
peak velocity for very large saccade vectors (or components) and Ao is the angular 
constant (Baloh et al., 1975a,b; Van Gisbergen et al., 1985), which determines the 
shape of the curve. 
2.4 Model predictions 
Since, in the I-model, the horizontal and vertical saccade components do not influence 
each other, this model predicts that the component main-sequence parameters of 
oblique saccades are equal to those of the corresponding cardinal direction saccades 
(horizontal and vertical, respectively). 
By contrast, the CS-model predicts that the main-sequence parameters of hori-
zontal (hor) and vertical (ver) components depend on the direction Φ of the saccades 
as follows: 
V




>4o(hOT) - А0(Ф)соз(Ф) 
A)(uCr) - Л„(Ф)згп(Ф) 
where ^Ф) and А0(Ф) represent the associated vectorial main-sequence parameters 
w hich may depend upon saccade-vector direction. For a mathematical derivation of 
lliis equation we refer to Van Gisbergen et al. (1985). 
(2) 
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In the CPG-model, the nonlinearity of a horizontal pulse generator (left or right) 
is represented by an exponential function, whose asymptote {Bm¡¡) is decreased from 
a default value Bml by an amount of λ · Ly where λ is a crosscoupling factor, and Lv 
the sum of the activities of the pulse generators of the vertical system (up and down). 
In a similar way, the vertical pulse generators are affected by the activity of their 
horizontal counterparts (for details, see Fig. 3 in Grossman and Robinson, 1988). In 
simulations with the CPG-model, we varied the parameters .B
m l and 6 (characterizing 
the pulse generator nonlinearity, see legend Fig. 2C) as well as the crosscoupling 
factor λ, but kept the remaining parameters constant at the values proposed by 
Grossman and Robinson (1988). We convinced ourselves that our implementation 
of the model was correct by comparing its performance with the simulation results 
in their Fig. 4. These simulations were carried out with the THTSIM simulation 
package of the Technical University of Twente on a P D P 11/44 computer. A similar 
package, called TUTSIM, has recently been released as a commercial version. In the 
simulations we did not allow parameter combinations leading to negative В
т
н and 
B^v values (which would imply negative burst-cell firing rates). 
In order to find the four sets of the pulse generator parameter pairs B
m
, and 
Ь which best fitted the cardinal direction (right, left, up and down) main-sequence 
parameters V
a
 and AQ, we used a diagram relating the pulse generator and main-
sequence parameters, based upon an extensive set of simulations with the model. 
The result of these simulations, where the λ values are still irrelevant since only 
cardinal direction saccades were considered, are shown in the form of a nomogram in 
Fig. 2C. 
While keeping the B
mx
 and b parameters of the four pulse generators (right, left, 
up and down) fixed at these optimum values, we then simulated oblique saccades in 
the diagonal direction of each quadrant where we had data, exploring a range of A 
values (0, 0.05, 0.10, 0.15, etc.). As in Grossman and Robinson's simulations, Ля, 
the crosscoupling factor from the horizontal upon the vertical channel, and Ay, vice 
versa, were kept equal at all times. The component main-sequence parameter pairs 
(V'a and Ao) of these simulated diagonal saccades were determined for each A value 
and compared with parameter values of the experimental data. 
In trying to visualize the effect of varying A on the diagonal saccade components 
generated by the model, we found it useful to represent the simulation results as a 
trajectory in the main-sequence parameter space of each component. Of the three 
different quadrant simulation results shown in Fig. 3, the example in Fig. ЗА is 
explained most easily. When A — 0, the model has no crosscoupling and its V
a
 and 
Ло predictions correspond to the associated cardinal axis main-sequence values. As 
A increases in steps of 0.05 (see arrow), the resulting V
a
 and A0 values decrease and 
approach the actual data points represented by the two filled circles. From simulation 
lebults such as these, we then determined the optimal A value for diagonal saccades by 
applying a least-squares error criterion simultaneously to the main-sequence parame­
ters of both components. These optimum A values, indicated by the larger square on 
I lie trajectory, are summarized in Table 1 for all quadrants where we had V-saccade 
data. Other examples of the procedure to obtain the optimal A value for diagonal 


















Figure 3. Procedure for determining optimal λ valves in CPG-model simulations. 
Main-sequence fit parameters for different Λ values are represented by small symbols con­
nected by solid lines. Arrows alongside the trajectories indicate increasing λ values (0.0, 
0.05, 0.10, etc.). Fit parameters obtained with optimal λ values are represented by larger 
symbols. Measured main-sequence parameter values are indicated by filled circles. 


















Table 1. Optimal Λ values 
Optimal λ values used to simulate CPG-model saccades for each subject in each quadrant. 
saccades, revealing more complex model behaviour, are shown in Fig. 3B,C. Once the 
optimal λ value for diagonal saccades (see Table 1) was determined, this parameter 
was also fixed and used to simulate oblique saccades in a range of other directions in 
the same quadrant (every five degrees). The resulting predictions of main-sequence 
parameter values were compared with the predictions of the I- and CS-model (see 
above) and with the experimentally determined values (for each subject and in each 
(A) . Effects of changing Λ in quadrant 4 of subject JVG where the horizontal and vertical 
pulse generators yielded main-sequence parameters which were roughly similar (see also 
Fig. 5). This is reflected in the roughly identical positions at the upper right in the Va/A(¡ 
planes of the two components where the simulation trajectory starts (λ — 0). Note that 
the model can optimally account for the crosscoupling effects reflected in the Va/Ao values 
of the diagonal (Φ = 315 deg) saccade components when λ = 0.30 (see also Table 1). For 
still higher Λ values the model predicts too much stretching. 
( B ) . In order to simulate these data (subject CLB; quadrant 3; see Fig. 5), the model 
needed a high-gain downward pulse generator and a lower-gain leftward pulse generator 
( B
m
, smaller). This difference is reflected in the main-sequence parameters predicted 
when λ = 0 (independent component behaviour). Increasing Λ initially helps to obtain 
the decrease in Va values required by the data (Φ = 225 deg; filled circles: optimal λ = 
0.15) but does not result in further stretching (measured at the time of component peak 
velocity) beyond a certain A value. This behaviour of the model is due to the fact that 
in this λ-range the faster component yields such a powerful crosscoupling effect that the 
slower component is almost fully suppressed at saccade onset and can only be executed 
near the end of the faster component. By thus partially avoiding each other temporally, 
each of the two components can, to a certain extent, evade the stretching effect otherwise 
caused by the other. This property of the model, which may result in strongly curved 
saccade trajectories, is already faintly visible in Fig. 4 of Grossman and Robinson (1988), 
where it was less pronounced since the B
ml values of their orthogonal pulse generators 
were equal. For the same reason this phenomenon was not present in A (see above). 
(C) . In this case (quadrant 1, subject IMF), it was impossible to find а Λ value which 
yielded really satisfactory predictions for Ahorizontal components of Φ = 45 deg saccades. 
The optimal A value in this quadrant was 0.30. Note that the trajectory of model pre­
dictions initially moves downward (more stretching) but then turns around and moves 
upward (less stretching) as A increases. For similar phenomena and explanation, see B. 
86 Chapter IV 
700 
Amplitude (deg) 
Figure 4. Moin sequence data. 
Fastest (left) and slowest (right) main-sequence curves are shown for V-saccades (top row) 
and R-saccades (bottom row). Subject CLB. Solid lines indicate best fits of equation (1). 
Upper left: V. = 664 deg/s, Ao = 12.1 deg; upper right: V0 = 295 deg/s, Ao = 4.7 deg; 
lower left: Va = 506 deg/s, Ao = 18.8 deg; lower right: Va = 193 deg/s, A0 = 4.6 deg. 
Since Collewijn et al. (1988a) stated that the Va value obtained with a range of amplitudes 
smaller than 30 deg is systematically underestimated as compared to using a range of at 
least 40 deg, we have checked for the presence of this phenomenon in our data by also 
fitting equation (1) to saccades up to 17 deg (i.e., about half the full range). The results 
indicated that this bias was not present in our data: the Va values of the smaller range 
were not significantly different from those of the full range. 
q u a d r a n t separa te ly) . In this way, we have s imulated obl ique V-saccades for all sub-
jects in t he q u a d r a n t s where d a t a had been obta ined . Al though it would have been 
possible to s imulate R-saccades wi th t he CPG-mode l as well, using the above ap-
proach, we h a d no reason to expect t h a t its per formance would devia te very much 
from the p ic ture emerging in the V-sarcade s imulat ions . Since, moreover, the sim-
ulat ion of main-sequences in th is fashion was compu ta t iona l ly qui te demand ing , we 
decided to s imulate onlv V-saccades . 
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CLB JVG 
Figure 5. Polar plots of vectorial saccadic peak velocity. 
The plots are based on vectorial main-sequence fits in all directions from subjects CLB 
and JVG for V- and R-saccades of various amplitudes (3, 5, 10, 15, 20, 25, 30, 35 deg, 
from center outwards). These peak velocities were computed for each amplitude by ap-
plying equation (1), using the best-fit main-sequence parameters for each direction. Slight 
discontinuities at cardinal directions are caused by pooling of data within quadrants, in 
accordance with the experimental procedure (see Methods). Scale: 1 division = 200 deg/s. 
3 R e s u l t s 
3.1 Vectorial main-sequence fits 
We found that equation (1) could fit the main-sequence data in all directions quite 
wrll in both paradigms. In all cases we found evidence for saturation of peak velocity 
for large amplitudes, but the saturation level was strongly direction and paradigm 
dependent. This is illustrated for the case of subject CLB in Fig. 4 which shows main-
sequence fits for the directions which yielded the fastest and the slowest saccades in 
enrh paradigm. Despite the fact that R-saccades are considerably slower than V-
saccades, a similar direction-related difference in saccade dynamics was present in 
both paradigms. 
A more complete picture of the direction dependence of saccade peak velocity, 
for saccades of different amplitudes, is shown in Fig. 5 for both our main subjects 
and for both paradigms. To obtain this figure, we computed the peak velocity for 
saccades with amplitudes ranging from 3 to 35 deg from the best-fit main-sequence 




















Table 2. Anisotropy indices. 
Anisotropy indices, defined as the ratio of peak velocity in the fastest and slowest direction 
for a given amplitude, for subjects CLB and JVG. 
parameters in each direction. The resulting plots show slight discontinuities at the 
cardinal axes since the data for each quadrant were obtained in different series of 
experiments. It is clear from these pictures that the saccadic system is anisotropic in 
the sense that the plots are noncircular. The degree of anisotropy can be expressed 
as the ratio of peak velocity in the fastest and slowest direction for a given amplitude. 
These data are shown in Table 2 which illustrates that the anisotropy index may even 
exceed a factor of two in both paradigms. 
We were interested in knowing the extent to which the direction dependence is 
similar in both paradigms. This was explored by plotting the best-fit peak velocity 
of large (35 deg) R-saccades, taken from Fig. 5, against the corresponding value of 
V-saccades in the same direction. As can be seen in Fig. 6, there is a strong, highly 
significant correlation in both subjects. The fact that all data points are below a line 
(through the origin) with a slope of 1.0 reflects, of course, the fact that R-saccades 
are slower. This is most clearly the case in subject JVG. 
The V-saccade data in Fig. 5 and the anisotropy indices shown in Table 2 seem 
to indicate that the anisotropy in V-saccades is most clear for large amplitudes. This 
aspect of the data comes to light more vividly in Fig. 7 where we have plotted the 
main-sequence curves of all different directions in a single panel. Especially in subject 
('LB (upper left), the set of curves follows a nearly common initial course and fans 
out as amplitude increases. The same trends can be recognized, though less clearly, in 
I he data of subject JVG (upper right) as well as in both other subjects (not shown). 
Clearly, the main-sequence curves of different directions are not merely scaled versions 
of one another (i.e., are not simply faster or slower), but have essentially different 
shapes. The impression gained is that, certainly in the case of subject CLB, the 
saturation level of saccadic velocity for very large amplitudes [Va in equation (1)] is 
related to the amplitude where saturation begins. If all shapes were identical, the 
parameter Aa in equation (1) would be equal for all directions. We found, however, 
I hat this shape parameter varies over a considerable range and is strongly correlated 
with V'0 (see Fig. 8). The significance of this finding will be commented upon below 
(see Discussion). 
In the R-saccades of all subjects, no clear correlation between the two main-
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Figure Θ. Correíaíion between vectorial peak velocity of V- and R-saccades in the same 
direction. 
Scatter plot of vectorial peak velocity in 35 deg R-saccades against peak velocity in 35 
deg V-saccades of the same each direction for subjects CLB (crosses) and JVG (squares). 
Solid lines indicate best-fit regression lines. Subject CLB: slope = 0.51, г = 0.88; subject 
JVG: slope = 0.42, г = 0.78; in both cases: Ρ < 0.001; N - 20. Note that R-saccades 
are much slower than V-saccades in both subjects. 
sequence parameters was found. This is already discernible from the bottom panels 
in Fig. 7 where the 'fanning out' phenomenon is much less clear (CLB) or absent 
(JVG). 
3.2 Component main-sequence fits 
In order to judge the extent of the stretching phenomenon in oblique saccade compo­
nents (King et al., 1986), we fitted equation (1) to the data of the two components for 
each oblique saccade direction. We found, in all subjects, that stretching was present 
in both paradigms. An example of the V-saccade data we obtained, taken from sub­
irli CLB, is presented in Fig. 9. In this figure, we plotted the best-fit parameters V
a 
and A0 as a function of saccade vector direction (Φ). Notice that the Va data points 
(denoted by asterisks) are not constant but show periodical variations with saccade 
vector direction. If no stretching had been present, the data points would be on 
I he short horizontal lines which represent the cardinal axes parameters of saccades 
to the right (R), left (L), in the upward (U) or downward (D) direction. The fact 
that the V
a
 parameter is often considerably below the associated cardinal meridian 
value means that components in the associated direction have lowered asymptotic 
peak velocity values in their main-sequence. If stretching would only lead to lower 




Figure 7. Main-sequence fit curves. 
Saccades in all directions in two paradigms are shown. Note the pronounced saturation 
in the curves of both paradigms. 
component V
a
 values, the main-sequences of components contributing to saccades in 
oblique directions would all have similar shapes, but this is not what we found. As 
can be seen from the periodical behaviour of shape parameter AQ with Φ (Fig. 9, 
lower panels), there was a clear tendency for A0 to covary with Va in a similar way as 
ue discussed earlier for the vectorial main-sequence data. To allow a better compar­
ison, Fig. 10 presents VJA0 scatter plots from the pooled vectorial main-sequence 
data of all subjects (filled triangles) together with the component main-sequence fits 
(filled squares). As can be seen, even the pooled data still reveal a clear relationship 
which looks quite similar for the vectorial and the component data. Our data will be 
compared with those from the literature (also plotted in Fig. 10) in the Discussion 
where a possible functional interpretation of the V
a
/A0 relation will be put forward. 
Tt becomes easier to envisage how the amount of stretching in a given oblique 
saccade component depends on saccade vector direction if we plot its V
a
 value nor­
malized with respect to the associated cardinal direction \'
a
 value, as a function of 




Figure β. Relationship between vectorial main-sequence parameters. 
Scatter plot of VO against Ao for V-saccades of subjects CLB (crosses) and JVG (squares). 
Solid lines indicate best-fit regression lines. Subject CLB: slope = 49/s, Y-intercept = 83 
deg/s, г = 0.97; subject JVG: slope = 33/s, F-intercept = 187 deg/s, τ = 0.72; N = 20 and 
Ρ < 0.001 in both cases. Parameters for both other subjects (not shown): subject IMF: 
slope = 35/s, Y-intercept = 170 deg/s, τ = 0.98; subject PVM: slope = ЗЗ/β, Y-intercept 
- 163 deg/s, г = 0.99; JV = 5 and Ρ < 0.001 in both cases. 
the angle between the saccade vector and this cardinal direction. This angle is de­
noted as vector obliquity in Fig. 11. When obliquity increases as the saccade vector 
turns away from the cardinal axis under consideration, the normalized V,, is seen to 
decrease from its cardinal-axis value (horizontal line) in both horizontal and vertical 
components. In R-saccades, the amount of stretching seemed to be at least as large 
as in V-saccades. A similar analysis of parameter Ao (Fig. 12) indicates that the 
normalized shape parameter clearly is not constant with increasing obliquity (indi-
rating a change of shape of the component main-sequence, see above), although there 
is more scatter and the tendency of Ao to decrease is less obvious. 
3.3 Model predictions 
The predicted V
a
 and Ao values of V-saccade component main-sequences, determined 
for each model according to the procedures outlined in Methods, are compared to 
(he actual values in Fig. 13 (see also Fig. 9). The diagonal dashed lines indicate 
perfect match between prediction and data. From this figure, it is obvious that the 
l-model predictions generally were very poor, whereas the CPG-model performed 
considerably better. The best predictions were provided by the CS-model. The 
latter were obtained by using equation (2) which took the anisotropy of the saccadic 
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270 360 
Saccade vector direction φ (deg) 
Figure 9. Direction dependence of component main-sequence parameters. 
Plots of V0 (top panels) and A0 (bottom panels) parameters against saccade vector di­
rection for horizontal (left hand column) and vertical (right hand column) V-saccade 
components of subject CLB. Dashed vertical lines indicate quadrant boundaries. Meaning 
of the symbols: * data; — I-model; Q CS model; • CPG-model. 
system into account. It can be seen in Figs. 11 and 12 that a simplified version of 
I lie CS-model (curved line; see legend), added for didactical reasons, performed less 
well 
A comparison between I- and CS-model performance for R-saccades is presented 
m Fig. 14 As was the case for V-saccades, the CS-model was clearly superior to 
Hie 1-model in providing predictions for R-saccades. For reasons explained in the 
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Figure 10. General relationship between main-sequence parameters. 
Scatter plot of V
a
 against Ao, showing similarity between vectorial and component main-
sequence data, and between present data and data from the literature. Meaning of the 
symbols: • present data, vectorial main-sequences; • present data, component main-
sequences; χ Baloh et al. (1975a); О Abel et al. (1983); * Oohira et al. (1983); Q 
Collewijn et al. (1988a). Parameters of best-fit regression line (not shown): slope = 36/s, 
I'-intercept = 139 deg/s, г = 0.91, N = 138, Ρ < 0.001). Note: one data point (V
a
 = 
1000 deg/s, A0 = 20 deg) from Abel et al. fell beyond the scale of in this figure, but was 
included in the regression line analysis. 
Methods, we did not simulate the CPG-model for R-saccade data. 
The data in Figs. 13 and 14 were evaluated quantitatively by fitting regression 
lines to the scatter plots. The resulting fit parameters (Table 3) confirmed that the 
CS-model performed best in two respects: (1) the slopes of the fit lines were closer to 
1.0 indicating more accurate predictions, and (2) the correlation coefficients between 
actual and predicted parameter values were higher than in both other models. For 
V-saccades, the performance of the CPG-model was intermediate between that of the 
CS- and the I-model. Note that the CS-model appeared to perform at least as well 
for R- as for V-saccades. 
4 Discuss ion 
4.1 The anisotropy of the saccadic system 
This paper presents extensive data on the anisotropy in the dynamics of human 
saccades. Direction-dependent differences in human main-sequence parameters along 
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Figure 11. Parameter V
a
 in oblique saccade components. 
Plots of normalized V
a
 against obliquity (see text) of horizontal (left hand column) and 
vertical (right hand column) V-saccades (top row) and R-saccades (bottom row). Sub­
ject CLB. Horizontal line indicates I-model prediction, curved line indicates prediction of 
simplified CS-model based upon the assumption that Κι(Φ) in equation (2) was equal to 
l'a of the associated horizontal cardinal direction main-sequence for computing V
a
th„\, 




y In all other cases we used the original CS-model (Van 
Gisbergen et al., 1985) to make predictions. 
(he cardinal axes have been reported repeatedly in the literature (Baloh et al., 1975a; 
Vee et al., 1985; Collewijn et al., 1988a,b; Pelisson and Prablanc, 1988), but oblique 
saccade data have been rather scarce (Oohira et al., 1983; Smit et al., 1987). 
The anisotropy as we found it was not explicitly predicted by existing models of 
the saccadic system. Although the I-model (Bahill and Stark, 1975) does predict 
anisotropic saccade dynamics ('superfast' oblique saccades), the subtle bulges in the 
oblique directions which are visible in some quadrants (Fig. 5) are too small to 
be explained by this model. Also our finding that oblique saccade components are 
obviously stretched indicates that independent component behaviour cannot be the 
( ause of the anisotropy. 
The question arises whether the anisotropy in the dynamics of large saccades, 
which is related to differences in peak velocity saturation (Fig. 7), may be caused 
by the oculomotor plant. Conceivably, differences in the cross-sectional area and the 
length of eye muscles (Robinson, 1975a), may allow some muscles to exert more force, 
possibly causing higher У,, values in their pulling direction than in saccades controlled 
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Figure 12. Parameter Ац in oblique saccade components, 
Plots of normalized AQ against obliquity (see text) of horizontal (left hand column) and 
vertical (right hand column) V-saccades (top row) and R-saccades (bottom row). Subject 
CLB. Same conventions as in Fig. 11. 
by their weaker companions. However, if this were the case, it is not immediately clear 
why the slower saccades to remembered targets showed equally pronounced velocity 
saturation as the faster V-saccades (Fig. 7). Therefore, we consider it more likely, as 
assumed in Robinson's (1975b) model, that Vp saturation has a neural origin. 
The fact that there is a correlation between the main-sequence parameters V
a 
and A0 in human subjects has already been mentioned more than a decade ago 
by Baloh et al. (1975a). Comparison of our present V
a
/A0 data with those from 
llie literature yielded qualitatively similar results (Fig. 10), despite the fact that 
the measured saccadic peak velocity value may be influenced by the eye movement 
recording method used (Yee et al., 1985) and by the cutoff frequency (and type) 
of the low-pass filter (Bahill et al., 1981; Inchingolo and Spanio, 1985; Yee et al. 
1985). The similarity among data obtained in different laboratories indicates that 
the observed V
a
/A0 relationship may have general validity. We have also checked the 
monkey data of Van Gisbergen et al. (1985) for the presence of the V
a
/Ao relationship 
and found that there is a strong correlation between the main-sequence parameters 
in the monkey as well (monkey 10: г = 0.98; monkey 11: τ — 0.93; in both cases N 
12, Ρ < 0.001). 
In attempting to interpret the significance of the V
a
/Ao relationship, it is helpful 
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Figure 13. Model performance for V-saccade components. 
Scatter plots of best-fit V
a
 and A0 values of V-saccade component main-sequences against 
predictions by the three models. Pooled data from all subjects and all quadrants. Dashed 
diagonal lines indicate accurate prediction. Note that the CPG-model and, especially, the 
I-modcl tend to underestimate the V
a
 and Ло values. 
15 
of the Taylor expansion to the first order term) to: 
A0 
(3) 
This approximation implies that all main-seq nces curves with identical V
a
/AQ 
ratios have identical peak velocities for small amplitudes. In our subjects, both 
parameters were strongly correlated but their V
a
/Ao ratio was not constant, as wit­
nessed by the presence of an intercept of the
 0/Ло relation on the vertical axis. 
This intercept was smallest in subject CLB (Fig. 8), who showed the fanning out 
behaviour of main-sequence curves most clearly (Fig. 7). The fact that component 
main-sequences obeyed approximately the same V
a
/A0 relationship (Fig. 10) would 
be compatible with absence of stretching in components of small saccades (cf. King 
Oblique Saccade Dynamia 97 
I 

















.·;· м ' · : 
. · ' 
200 400 600 0 200 400 600 
Predicted VQ (deg/s) 
5 10 0 5 10 
Predicted А0 (deg) 
15 
Figure 14. Model performance for R-saccade components. 
Scatter plots of best-fit V
a
 and Ao values of R-saccade component main-sequences against 
predictions by two models. Pooled data from all subjects and all quadrants. Dashed 

























Table 3. Model evaluation. 
Parameters of best-fit regression lines for model predictions vs. actual data in Figs. 13 
and 14. N = 60 in all cases. 
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et al., 1986). 
4.2 Stretching of oblique saccade components 
In this paper, we have confirmed the finding by King et al. (1986) that oblique 
V-saccades in the human have considerable component stretching. One of our new 
findings is that memory-guided saccades, executed in the dark (R-saccades), were 
considerably slower but showed at least equally strong component stretching. It is 
rommonly assumed that the superior colliculus and the motor system downstream 
participate in the generation of both saccade types (Hikosaka and Wurtz, 1985, 
Rohrer et al., 1987). Obviously, at a more central level the control signals ulti-
mately must have a difFerent origin. It is tempting to suggest, then, that the part of 
(.lie neural system which is involved in both paradigms may be responsible for several 
striking similarities which we noticed in the two saccade types. These include the 
presence of clear velocity saturation at large amplitudes in the main-sequence, the 
presence of a common velocity anisotropy, and, finally, the existence of strong com-
ponent crosscoupling as expressed in the stretching phenomenon. If this reasoning is 
valid, the superior colliculus is among the candidate neural structures potentionally 
responsible for the main-sequence saturation, the anisotropy and the stretching of 
oblique saccade components. This possibiUty, reconcilable with the CS-model but 
excluded by both the I- and CPG-model, will be discussed in more detail below. 
These discussions must be tentative since Guitton and Mandi (1980a,b) found some 
evidence that the amount of stretching (in the cat) is task-dependent. 
4.3 Model evaluation 
One result which may come across as somewhat puzzling is that , in accordance with 
Viviani et al. (1977), we regularly observed curved saccade trajectories and that 
the CS-model which can only produce straight trajectories, nevertheless performs 
quite satisfactorily when it comes to predicting the peak velocity values of oblique 
saccade components. How can the model fail to account for one aspect in the dynamic 
behaviour of saccades and be quite successful in describing a second aspect? The way 
to resolve this 'paradox' is to perform a thorough analysis of saccade curvature and 
ils relation to component stretching. This is the topic of a separate paper (Smit and 
Van Gisbergen, 1989). At the moment, suffice it to say that the present analysis 
concentrated on only one sample (peak velocity) out of the total time course of 
each component separately, whereas a study of curvature involves comparison of the 
('une course similarity of both components. Similarly, an analysis of on- and offset 
synchronization of components (King et al., 1986) may reveal a different picture since 
i( looks at other details. For example, King et al. found that component stretching 
/vas not perfect: the smaller component generally had a shorter duration than the 
longer. A possibility to be considered is that the initial and final part of the saccade 
may be governed by partially different processes. For example, Bahill and Stark 
(J 975) have suggested that occasionally the smaller component of an oblique saccade 
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was lengthened due to a glissade at the end of the movement (see, however, King et al. 
1986). Evinger et al. (1978) found that, although oblique saccade components in the 
cat were clearly stretched, the component peak velocity was hardly affected. This may 
indicate that component duration and peak velocity are not always strongly coupled. 
In the Scudder (1988) model the initial part of the saccade is controlled by processes 
different from those in the final part, when feedback signals from the horizontal and 
vertical subsystems play a more prominent role. Therefore, the pronounced curvature 
of human saccades need not be at variance with the capability of the CS-model to 
predict the dynamics of oblique saccades quite reasonably (Figs. 13 and 14; Table 
3). 
A second result requiring clarification is that the CPG-model did not perform 
better than the CS-model, but actually worse (see Fig. 13 and Table 3). To us, this 
came as a surprise because the CPG-model, able to produce straight or curved trajec­
tories and stretching (Grossman and Robinson, 1988), just seemed better equipped 
to deal with the challenge of explaining human saccade properties. The present out­
come is probably partly a consequence of keeping Ля and λν equal and independent 
of saccade vector direction, which is a severe constraint on the model. Repeatedly, 
simulating diagonal main-sequences with this restriction did not result in satisfactory 
V
a
 and Ao values. After very extensive simulations, we have been able to show in 
a few cases that dropping the above constraint yielded very good approximations 
<>[ the experimental V
a
 and A0 values. Yet, in these cases the simulation of other 
directions with the same Ая and Λν pair again yielded significant differences from 
the experimental values. In our opinion, the apparent necessity of having a separate 
A pair for each direction would make the CPG-model quite implausible. Perhaps 
a more promising way to improve the performance of the CPG-model would be to 
follow up on a suggestion by Tweed and Vilis (1985) that the transfer functions of the 
horizontal and vertical plant may be different. This approach may also lead to better 
predictions in the CS-model, since it allows the possibility of curved trajectories. In 
the present study, we have kept the horizontal and vertical plant transfer functions 
identical, as did Grossman and Robinson (1988). 
Аь was the case with V-saccades, the I-model failed to match the data of R-
saccades. The CS-model, however, predicted the observed component main-sequence 
parameter values quite accurately. From the viewpoint of this model, the strong 
stretching in R-saccade components is related to the fact that the vectorial main-
sequences showed severe saturation (Fig. 7, lower panels). 
4.4 Possible neural basis 
In view of the quite satisfactory performance of the CS-model it is appropriate to 
discuss the question of how the vectorial pulse generator in this model could be em­
bodied in the actual neural control system. When the CS-model was first published 
(Van Gisbergen et al., 1985) the superior colliculus was still widely regarded as a 
structure coding only the metrical properties of saccades. Therefore, at that time it 
( mild not be considered as a serious candidate for serving as the hypothetical vec-
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torial pulse generator (PGVEC in Fig· I B ) . Recently, however, several experimental 
findings obtained in neurophysiological recording (Berthoz et al., 1986; Muñoz and 
Guitton, 1987; Rohrer et al., 1987) and chemical inactivation experiments (Hikosaka 
and Wurtz, 1985,1986; Lee et al., 1988) indicate that the colliculus is also involved 
in specifying the dynamic properties of saccades. 
In the colliculus, the R and Φ coordinates of saccades are mapped along orthogo­
nal axes of a neural map (Ottes et al., 1986). If the colliculus embodies the vectorial 
pulse generator, the properties of this neural map may be relevant in the present 
context. Assuming that the total neural activity in a given ( R , $ ) locus of the map 
determines the speed of the associated saccades (Lee et al., 1988), it is quite conceiv­
able that the local magnification factor in the map is a relevant factor in determining 
the peak velocity of saccades. Thus, the question arises whether a slight anisotropy 
in the neural map may be related to the anisotropy we have observed (Fig. 5). 
Since R-saccades are generated by activity in the same collicular map (Hikosaka and 
Wurtz, 1985), it would not be surprising to find the same anisotropy in peak velocity. 
Although the idea of the superior colliculus as a candidate for the vectorial pulse 
generator is speculative and controversial, the accumulating evidence for its involve­
ment in specifying saccade dynamics merits further attention. 
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Just when a measure of success had been achieved in unravelling this problem, it turned 
out, as often happened in the field of Solarist studies, that the explanation replaced one enigma 
by another, perhaps even more baffling. 
Stanislaw Lem 
Abstract 
In order to study the cooperation of peripheral motor subsystems in the exe-
cution of rapid eye movements, the degree of curvature of human saccades along 
cardinal (right, up, left, down) and oblique directions was computed from the 
same set of experimental data which was used earlier to study saccade dynamics 
(Smit et al., 1989). With our measure of curvature our data can be used to com-
pare the trajectories of fast and slow saccades elicited in different experimental 
conditions, independent of its speed of execution. 
Although we found clear and consistent subject-specific differences, the most 
common pattern in oblique visually-guided (i.e., fast) saccades reflected early 
dominance of the horizontal velocity signal as expressed in saccade trajecto-
ries curving away from the horizontal axis. Plots of curvature against direction 
yielded idiosyncratic patterns with periodical increases and decreases in saccade 
curvature which were largely independent of saccade amplitude. At the cardinal 
'submitted to Experimental Brain Research 
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axes, mean saccade curvature was generally less but rarely entirely absent and 
fitted smoothly into the curvature pattern of neighbouring quadrants. Memory-
guided saccades, which have been shown earlier to be considerably slower than 
visually-guided saccades and to be more variable in their dynamic properties, 
showed a strikingly similar dependence of curvature on saccade direction, al­
though some small but consistent differences were noticed. 
The curvature data were compared with quantitative predictions from three 
different models for the generation of oblique saccades. The independent model, 
assuming independent but synchronized orthogonal component generators, often 
yielded qualitatively correct predictions for the diagonal directions but failed to 
account satisfactorily for the dependence of curvature on direction. The main 
problem with this model is that it predicts exaggerated periodical variations in 
curvature with direction, with an incorrect periodicity. We also simulated oblique 
saccades with a version of the independent model which employs crosacoupled 
synchronized orthogonal pulse generators. This model performed slightly better, 
but still suffered from the same shortcomings. A third model, proposing a vec­
torial pulse generator which provides appropriately scaled component velocity 
signals derived from a common vectorial velocity signal, predicts straight trajec­
tories in all directions and therefore failed to account for the curvature which was 
actually observed. Yet, when judged by a mean-square-error criterion, this model 
still performed better than the other models which, though better in predicting 
trends, yielded larger oscillations in curvature than actually occurred. 
By quantifying the curvature of human saccades and thereby revealing the 
shortcomings of the three quite different models, the present paper documents 
new constraints with which new models of the saccadic system must comply and 
allows certain suggestions on how these might be developed. 
K E Y W O R D S : saccade trajectories — saccade curvature — human — models 
— fast and slow saccades 
1 Introduction 
O n e of t h e key issues in o c u l o m o t o r control concerns t h e p r o b l e m of how c o m m a n d 
signals a t a cent ra l level are t r a n s f o r m e d a n d channeled t o t h e per iphera l levels such 
as t o allow t h e various eye muscles to p a r t i c i p a t e in t h e execut ion of coordinated goal-
directed eye m o v e m e n t s . To invest igate certain a s p e c t s of th i s quest ion in t h e h u m a n , 
we have elicited saccades in several direct ions, a n d have quantif ied t h e s h a p e of the 
saccade t r a j e c t o r y which directly reflects how t h e hor izonta l a n d vertical subsys tems 
c o o p e r a l e . T h e s e d a t a were c o m p a r e d wi th predict ions from t h r e e existing models . 
In earl ier s tudies , c o m m a n d signals at central levels have b e e n shown to be spa­
tially coded in n e u r a l m a p s and t o specify the desired saccade vector (character ized 
by a m p l i t u d e R a n d direct ion Φ; for review, see Sparks , 1986), whereas t h e per iphera l 
saccadic s y s t e m is organized in C a r t e s i a n coordinates , a n d carries tempora l ly coded 
signals (King et al., 1976; Fuchs et al., 1985). I n t h e p a s t , several models describ­
ing this spa t ia l - to- tempora l t r a n s l a t i o n process have been p r o p o s e d (Robinson; 1975, 
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Bahill and Stark, 1975,1977; Van Gisbergen et al., 1981; Tweed and Vilis, 1985; Van 
Gisbergen et al., 1985; Grossman and Robinson, 1988; Scudder, 1988). 
In an earlier paper (Smit et al., 1989) we have compared the ability of three of 
these models (Bahill and Stark, 1975, 1977; Van Gisbergen et al., 1985; Grossman 
and Robinson, 1988) to account for the peak velocity data of saccade vectors as 
well as of saccade components. The independent (I-)model (Bahill and Stark, 1975, 
1977; Van Gisbergen et al., 1985) proposes the existence of four independent pulse 
generators which generate eye velocity signals along the cardinal axes (right or left; 
up or down). Since the peak velocity is not simply linear with amplitude (nonlinear 
pulse generators), large saccades last longer. The basic assumption in the I-model 
is that the relationships governing the properties of cardinal-axes saccades remain 
valid when the signals or orthogonal pulse generators are combined and contribute 
to an oblique saccade. Thus, according to this model, oblique saccade components 
of a given size always have the same dynamics, regardless of saccade direction. A 
direct consequence of this model is that oblique saccades may be curved (Bahill and 
Stark, 1977), which is indeed a common feature of human data (Viviani et al., 1977). 
It has become clear from various studies in monkeys and humans that, as far as 
the dynamic properties of oblique saccades are concerned, the I-model is untenable 
(Vilis and Hore, 1981; Van Gisbergen et al., 1985; King et al., 1986; Grossman 
and Robinson, 1988). In order to remedy the shortcomings of the I-model while 
retaining its virtue of allowing curved saccade trajectories (see below), Grossman 
and Robinson (1988) have proposed a version of the I-model with crosscoupled pulse 
generators where the summed activity in the up and down pulse generators tunes 
down the gain in each of the horizontal pulse generators. Conversely, the summed 
activity of the horizontal pulse generators (left and right) reduces the gain of the up 
and down pulse generators. This model is denoted here as the crosscoupled pulse 
generator (CPG-)model. The gain factor (λ), which determines the amount of gain 
reduction per unit of summed orthogonal pulse generator activity, is a free parameter 
in the model. In the special case when λ = 0 there is no crosscoupling and the model 
reduces to the I-model. Finally, according to the third model evaluated in the previous 
paper, the saccadic system first specifies a vectorial velocity command signal whose 
peak velocity and duration depend on vector size. The component control signals 
are subsequently derived from this common signal by trigonometric decomposition. 
According to this so-called common source (CS-)model, oblique saccade components 
will always have equal durations and yield straight saccade trajectories. Furthermore, 
the peak velocity of horizontal and vertical components of oblique saccades will both 
be reduced (Van Gisbergen et al., 1985). 
In the previous paper we have looked at the dynamic properties of horizontal and 
vertical saccades separately and compared them with those of corresponding cardinal 
axes saccades (Smit et al., 1989). A complicating factor was that the saccadic system 
may be quite anisotropic so that equal-amplitude saccades in different directions have 
different peak velocities. The reduction in component peak velocity ('stretching') 
found in oblique saccades was very pronounced and, as in the monkey (Van Gisbergen 
et al., 1985), was predicted roughly correctly by the CS-model. The I-model, which 
106 Chapter V 
denies the existence of component stretching altogether, performed very poorly. In 
the CPG-model the inequality of the four cardinal axis pulse generators, needed to 
cope with the anisotropy, created problems in finding a single Λ value which could 
explain the component peak velocity data. When we made the concession of allowing 
λ to be different in each of the four quadrants, the CPG-model could account clearly 
better for the component peak velocity data than the I-model, although it performed 
less well than the CS-model. 
The latter result could not have been predicted beforehand and actually came 
somewhat as a surprise. Even though we were not directly studying saccade tra­
jectories as such, we had come to expect that the CS-model, which performs quite 
well in accounting for component dynamics in the monkey where, as the model re­
quires, saccade trajectories are rather straight (Vilis and Ноге, 1981; Van Gisbergen 
et al., 1985), would do less well in the human where oblique saccades are often curved 
(Thomas and O'Beirne, 1967; Yarbus, 1967; Bahill and Stark, 1975, 1977; Viviani 
and Berthoz, 1977; Viviani et al., 1977; Oohira et al., 1983) than the CPG-model 
which, at least in principle, can account for this property. 
It should be realized, however, that the degree of saccade curvature represents a 
new independent feature of component cooperation which cannot be directly deduced 
from the results of the previous study. Consequently, although the results of our ear­
lier paper show that the amount of component stretching in human and monkey 
oblique saccades is quite comparable (Van Gisbergen et al., 1985; King et al., 1986; 
Smit et al., 1989), this, by itself, does not imply that the curvature of oblique sac-
cades should also be similar in the two species. The quantitative analysis of saccade 
curvature, as we pursued in this paper, documents the degree of similarity in the time 
course of the entire component velocity profiles throughout the movement, whereas 
in the previous study just the peak velocity values of individual components were 
considered. Only if the velocity profiles have a fixed ratio at any moment during the 
movement will the trajectory be straight. Therefore we decided to compare the three 
models also in their capability to account for the curvature data of human saccades 
reported in this paper. The quantitative study of saccade curvature was undertaken 
for two reasons: 
(1) So far, the testing of models of the saccadic system has been carried out most 
thoroughly on the basis of dynamic properties of individual saccade components 
(peak velocity and/or duration: Van Gisbergen et al., 1985; King et al., 1986; Scud-
der, 1988). Repeatedly, qualitative statements referring to saccade curvature have 
been made and used to favour some model and exclude another (Bahill and Stark, 
1977; Grossman and Robinson, 1988). Since the curvature of the saccadic trajectory 
reflects the ratio of component velocity profiles throughout the entire movement, it 
provides a useful additional means of assessing how far the actual behaviour devi-
ales from the extremes predicted by the I- and the CS-model. In particular, we 
wished to investigate whether the CPG-model which, unlike the CS-model. can both 
generate curved saccades and exhibit component stretching, is a useful alternative. 
This requires quantitative data on the actual curvature of human saccades and raises 
the question of whether the adjustment of model parameters necessary to explain 
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our component stretching data also works in the right direction to account for the 
present saccade curvature data. 
(2) There is some evidence, in the cat, that the amount of crosscoupling between 
saccade components is task-related (Guitton and Mandi, 1980a,b), which may imply 
that saccade curvature is different in different tasks as well. There are indications 
that component crosscoupling has mainly a neural origin (Vilis and Ноге, 1981; King 
et al., 1986). Since the participation of different neural subsystems is required for 
the execution of saccades in different experimental paradigms (see, for example, Smit 
et al., 1987), evidence of task-dependent curvature may yield insight into the neural 
determinants of the saccadic trajectory. For this reason, we have investigated the 
curvature of human oblique saccades using two different paradigms: we elicited both 
visually-guided saccades and memory-guided saccades along cardinal and oblique di­
rections. These two saccade types have different dynamics: saccades to remembered 
targets (R-saccades) are slower than visually-guided (V-)saccades (Becker and Fuchs, 
1969; Hikosaka and Wurtz, 1985; Smit et al., 1987). Our curvature measure, which 
is completely independent of the dynamics of the movement and characterizes only 
the shape of the spatial trajectory (see Methods), indicates that saccade curvature 
is very much alike in the two paradigms. The functional significance of this finding 
will be discussed. 
2 Methods 
The data in this paper were obtained in the experiments reported by Smit et al. 
(1989). In all subjects, the eye movements were recorded from the left eye with a 
magnetic field method. For an extensive description of the method for recording eye 
movements and of the main-sequence fits we refer to this paper and, for the latter, 
also to the legend of Table 1. Only the characteristics of the experimental paradigms 
will be recapitulated here. 
2.1 Experimental paradigms 
Four subjects (3 males, 1 female; ages 24-44), two of whom were naive with respect to 
the purpose of the experiment, participated in this study. Stimuli (0.4 deg; 5 cd/m 2 ) 
were rear-projected on a translucent screen, placed at 57 cm in front of the subject. 
Each session began with a calibration experiment in which the subject was required, 
after extinction of the central fixation light, to refixate the target which appeared in 
a randomized sequence at 84 different peripheral positions (7 eccentricities: 5, 10, 
15, ... 35 deg; 12 directions: 0, 30, 60, 90, ... 330 deg). Intertrial intervals and 
fixation durations were similar to those in the other paradigms (see below). After 
this calibration experiment, two additional stimulus paradigms were used: 
(1) Visual target paradigm (V): after extinction of the central fixation light, the 
target appeared at a peripheral location. The subject was instructed to refixate the 
target as quickly as possible. 
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(2) R e m e m b e r e d target paradigm (R): while the central fixation light remained 
lit, a flash (0.4 deg diameter, 200 ms duration) cued the peripheral target location. 
The subject was instructed to make a saccade to this position as soon as possible after 
the fixation light went off (200, 400, or 600 ms following peripheral-flash offset). The 
target reappeared 500 ms later to provide the subject with feedback about his/her 
performance. 
In both paradigms, target positions in the first quadrant of the visual field were 
at 7 eccentricities (5, 10, ... , 30, 35 deg) and in five directions (0, 30, 45, 60, and 
90 deg, where 0 deg is the rightward direction, seen from the subject). A stimulus 
sequence (either V- or R-trials) consisted of one presentation of each of the 35 target 
positions. The targets were presented in different randomized sequences, with inter-
trial intervals of 1000, 1500, or 2000 ms and fixation durations (preceding target 
onset) of 700, 900, 1100, 1300, or 1500 ms. Interval and fixation duration were 
randomized. Target positions in the other three quadrants were tested by appropriate 
rotations of the first-quadrant stimulus sequences. In each session, up to 8 V- and R-
sequences were presented in alternating fashion in one quadrant. All four quadrants 
were tested in subjects CLB and JVG; in subjects IMF and PVM, only the first 
quadrant was investigated. 
Throughout the session, subjects were kept alert and encouraged in order to avoid 
the slowing down of saccades as a consequence of drowsiness (Ron et al., 1972). 
2.2 Measure for curvature 
In the past, the difference between the initial and overall direction of the saccade 
trajectory has been used to quantify the amount of trajectory curvature (Findlay and 
Harris, 1984; Van Gisbergen et al., 1987). Since the initial direction was determined 
by the vector connecting eye position at saccade onset with the eye position οί α fixed 
pertod (e.g., 20 ms) after onset, this measure for curvature does not allow comparison 
of trajectory shape among saccades of different amplitude. For example, in the case 
of two saccades, one of 5 and the other of 35 deg, where the trajectory of the larger is 
a linearly enlarged version of the smaller one, the method described above will result 
in a different value for curvature, due to the much larger velocity of the larger saccade. 
Similarly, two saccades with identical spatial trajectories but executed with different 
velocities will yield different curvature values. This undesirable effect is caused by the 
temporal aspect inherent in this description of the shape of the saccadic trajectory. 
Thus, if one wants to compare the curvature of saccade, naving different amplitude 
and/or different dynamics, a purely spatial measure is called for. 
In order to calculate a quantitative measure for the curvature of the spatial sac­
cadic trajectory, obtained by plotting vertical against horizontal eye position, we 
determined the largest perpendicular deviation Ρ from the straight line connecting 
onset and offset of the movement (see Fig. 1). Curvature С was subsequently com­
puted by taking the ratio of Ρ and the net amplitude of the movement (R): 
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Horizontal eye position 
Figure 1. Illustration of saccade curvature computation. 
The perpendicular deviation of the saccade trajectory from the straight line through the 
onset (origin) and offset (upper right) was computed for each sample of the data (i.e., 
every 2 ms). The largest perpendicular deviation (P) was then used to compute curvature 
by applying equation (1). In this schematic example, curvature has a value of С = —0.14; 
the negative sign indicates that the eye made a detour in the clockwise direction. 
C = | (1) 
Using this measure, a semi-circle has a curvature of 0.5, whereas a curvature of 0 
indicates a perfectly straight line. The sign of curvature measure С depended on 
the direction in which the saccade trajectory deviated from the straight line through 
saccade onset and offset, at the location of the largest perpendicular line segment 
P. When the saccade trajectory made a detour in the clockwise direction from this 
straight-line path (as in Fig. 1), a negative sign was assigned to C. Note that, because 
of this definition, С retains the same sign and value when the schematic trajectory 
depicted in Fig. 1 would have been executed in a different quadrant; in other words, 
when the trajectory would be rotated keeping its onset position at the origin fixed. 
When the saccade trajectory made a detour (judged at the location of P) in the anti­
clockwise direction relative to the straight line connecting onset and offset position, 
С took on a positive value. 
2.3 V-saccade simulations with the I-model 
Trajectories of saccades in the oblique directions where we had experimental data (see 
above) were constructed by computer from purely horizontal and vertical saccades 








































































In the CPG-model simulations, the parameters B
m
i and 6 of each pulse generator were 
chosen such that the cardinal axes main-sequence parameter values, as given in this table, 
were matched. The main-sequence parameters were obtained by fitting the equation Vp = 
Va · (1 - exp(-Ag/Ao)] to cardinal-axes saccades. In this equation, Vp represents saccadic 
peak velocity, Va is the asymptotic peak velocity for very large saccades, .4s represents 
saccade amplitude and Ao is the angular constant (Baloh et al., 1975; Van Gisbergen et 
al., 1985). 
In addition, the optimal λ values for matching component stretching (As) or saccade 
curvature (Ac) in diagonal saccades, see Discussion, are indicated. 
that used in Van Gisbergen et al. (1985). For example, in order to construct oblique 
saccades in the first quadrant, the computer searched through the files containing 
rightward and upward saccades, respectively, to find horizontal and vertical saccade 
components, which, in combination, would yield oblique saccades in the direction Φ 
= 30, 45, or 60 deg. In constructing these synthesized saccades we ignored the small 
orthogonal component in the rightward and upward saccades and synchronized their 
onsets. This method of testing the I-model has the advantage of not requiring an 
explicit model of the oculomotor plant and thereby allowing a fair comparison with 
the CS-model which also does not include a model for the mechanics of the plant. 
Only synthesized saccades having direction deviations less than 2 deg from the 
desired direction were considered. From each of these synthesized saccades (typically 
several hundreds for a given direction) we then computed curvature as defined in 
equation (1) and Fig. 1. 
2.4 V-saccade simulations with the CPG-model 
In simulations with the CPG-model, we used the parameters B
mt and b which had 
been determined earlier to fit the main-sequence parameters of cardinal axis V-
saccades (Smil et al., 1989; see also Table 1). With the exception of crosscoupling 





| / ^ 
л ^ : 
1 
1 . -
À ! li I, 
ν 








V - , 
\ I '.. 
D 10 20 3 
Horizontal eye position (deg) 
Figure 2. Curvature in calibration experiment. 
First-saccade responses in the calibration experiment, recorded from subjects CLB (top 
row), JVG (middle row) and IMF (bottom row). Data from two different days are shown 
for each subject to illustrate the reproducibility of saccade curvature. Note idiosyncratic 
shape of saccade trajectories in different directions. 
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factor λ, the remaining parameters were kept constant at the values proposed by 
Grossman and Robinson (1988) unless stated otherwise. In the simulations we did 
not allow parameter combinations leading to negative BmH and Д
т
 values (which 
would imply negative burst-cell firing rates). 
In our simulations we used the λ values we earlier found to be optimal for match­
ing the component peak velocity data of diagonal saccades. These values, which were 
allowed to be different when different quadrants were simulated, are summarized in 
Table 1 (Aj). As in the present paper and in Grossman and Robinson's simulations, 
Ая, the crosscoupling factor from the horizontal upon the vertical channel, and Ay, 
vice versa, were kept identical at all times. Once the optimal value of A for producing 
stretching in diagonal saccades was determined, this parameter was fixed and used 
to simulate oblique saccades in the other directions (in the quadrant under consid­
eration) where we had experimental data. These simulations were carried out using 
the THTSIM simulation package of the Technical University of Twente on a P D P 
11/44 computer. A similar package, called TUTSIM, has recently been released as a 
commercial version. The curvature of the resulting simulated oblique saccades was 
determined using the curvature measure detailed above. These predictions of cur­
vature values were compared with the predictions of the I-model and the CS-model 
and with the experimentally determined values. 
3 Results 
3.1 Curvature in V-saccades 
A survey of the saccade trajectories encountered in our subjects can be found in Fig. 2 
which represents first-saccade responses in the calibration experiment. An impression 
about reproducibility can be gained by comparing the responses in the left-hand and 
right-hand columns which were collected in different days. The most common pattern 
conforms with observations of Viviani et al. (1977) in that many oblique saccades 
made a detour directed toward the horizontal axis. This pattern is most pronounced 
in subject JVG. Using our measure of curvature (see equation (1) and Fig. 1), this 
type of response yields negative С values in the first and third quadrants and positive 
values in the second and fourth quadrants (see below). Subject IMF deviates from 
this pattern in predominantly having detours away from the horizontal axes in the 
first and second quadrants. Note that the cardinal axis saccades are not necessarily 
straight: curved saccades can be observed in the vertical directions (subjects CLB, 
JVG and IMF) but also along the horizontal axes (subject IMF). 
In Figs. 3 and 4 we present the quantitative V-saccade data of our two main 
subjects CLB and JVG. In both sets of data there are systematic periodical variations 
in curvature with direction which are roughly independent of saccade amplitude. The 
data in Fig. 3 illustrate the amount of scatter in the curvature values in saccades 
of various amplitude classes (5, 15, and 25 deg). In Fig. 4 we have plotted only 
the mean values for 6 different amplitude classes (5, 10, 15, 20, 25, and 30 deg) to 
Saccade Curvature 113 
CLB JVG 
•i 
+ % ; ) : : Н Р 
* 
О 90 180 270 0 90 180 270 360 
Direction (deg) 
Figure 3. Direction-dependent curvature in V-saccades. 
Scatter plots of V-saccade curvature against direction of subject CLB (left) and JVG 
(right). Except where stated otherwise, in this and other figures the saccades have been 
classified according to both amplitude and direction. In the amplitude domain, the bin 
114 Chapter V 
О 90 180 270 360 
Direction (deg) 
Figure 4. Comparison of mean curvature in two subjects. 
Plots of mean curvature against direction of subject CLB (thick line) and JVG (thin 
line). Data from all six amplitude classes, from top to bottom: 5, 10, 15, 20, 25, and 30 
deg. Vertical dashed lines indicate cardinal axes, horizontal dashed lines represent zero 
curvature (curvature scale between successive horizontal dashed lines: 0.2). 
width was 5 deg, centered on the target amplitudes. Since target separation was also 5 
deg, no saccades were rejected when this criterion was applied. In the direction domain, 
the bin width was 14 deg, centered on the target directions. This led to the exclusion of 
7 to 26% of the saccades in the 5 deg amplitude range. For the larger amplitude classes, 
the rejection percentage was 0 to 6%. 
Saccades of three amplitude classes are shown: 5,15, and 25 deg (top, middle, and bottom 
row, respectively). Vertical dashed lines represent cardinal axes. Quadrants are indicated 
by Roman numerals. Connected open circles illustrate mean curvature for each direction 
bin; standard deviations are also indicated. 



























Table 2. Curvature ¿η cardinal axes V-saccades. 
Numbers indicate mean curvature 1 1 SD. Data from 25 deg V-saccades. Asterisks indicate 
that curvature is significantly different from zero (P < 0.01). Direction 0: to the right; 90: 
upward; 180: leftward; 270: downward. Curvature values have been multiplied by 102. 
allow a comparison of the trends in these two subjects. It should be noticed that 
the mean curvature at the cardinal axes (indicated by the dashed vertical lines) may 
systematically deviate from zero. Subject CLB, for instance, shows positive curvature 
in his up saccades and negative curvature in his down saccades. In subject JVG there 
is a considerable amount of scatter in the curvature of up and down saccades (see 
Figs. 2 and 3). In the horizontal directions his curvature scatter is less. The data on 
cardinal direction curvature of all subjects are summarized in Table 2. 
As can be seen quite clearly in Fig. 4, the periodical variations in curvature with 
direction are most pronounced in subject JVG who shows an alternating pattern of 
negatively and positively curved saccades when going from the first to the fourth 
quadrant. In subject CLB, saccades tend to be less curved, especially in the first, 
third and fourth quadrants. 
In the two remaining subjects (IMF and PVM), where only the first quadrant 
was examined systematically (see Methods), we also found direction dependent cur­
vature values. Interestingly, the sign of the curvature of saccades in subject IMF was 
opposite to that in our main subjects, as can already be seen in Fig. 2. 
3.2 Curvature in R-saccades 
As explained in the Introduction (see above), it is of interest to compare the cur­
vature data of V- and R-saccades which have clearly different dynamical properties. 
Application of our quantitative measure (Fig. 1) to the R-saccade data ensures that 
this comparison is not affected by the fact that R-saccades are, on average, slower 
than V-saccades. 
The data in Fig. 5 again show a periodical variation in curvature with direction. 
The amount of scatter was roughly comparable to the scatter in the V-saccade data. 
This, by itself, is not a trivial observation since the amount of variability in dynamic 
properties of R-saccades tends to be larger than in V-saccades (Smit et al., 1987; 
Bracewell et al., 1987). 
The mean curvature of R- and V-saccades within the same amplitude classes are 
compared in Fig. 6. The first impression gained from this figure is that the overall 
dependence on direction is quite similar in the two paradigms, both in subject CLB 
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Figure Б. Directum-dependent curvature m R-saccades 
Scatter plots of R-saccade curvature against direction of subject CLB (left) and JVG 
(right). Same conventions as in Fig. 3. Note that the amount of scatter is similar to that 
m V saccades (see Fig 3). 
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Figure β. Comparison of mean curvature in two experimental paradigms. 
Plots of mean curvature against direction of V-saccades (thin line) and R-saccades (thick 
line) in two subjects. Same conventions as in Fig. 4. Note overall similarity in curvature 
between the two saccade types, despite occasional consistent differences. 
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Figure 7. Similarity of V-saccade and R-saccade curvature. 
Scatter plot of R-saccade curvature against V-saccade curvature of corresponding (R,*) 
classes in all four subjects. Solid line indicates best-fit regression line in each panel. Fit 
parameters: CLB: JV - 102, slope = 1.09, г = 0.73; JVG: N - 102, slope - 0.99, г = 
0 91; IMF: JV = 36, slope = 0.29, r = 0.27; PVM: N - 35, slope = 1.21, г = 0.87. A 
highlv significant correlation existed in subjects CLB, JVG and PVM (P < 0.001). The 
correlation in the data of IMF is not significant. 
and in subject JVG. Only upon closer inspection some differences are noticeable. 
In the first quadrant of subject CLB, for example, R-saccades have clearly negative 
values, while V-saccades are more nearly straight. A similar slight trend toward 
stronger curvature is also visible in CLE's fourth quadrant. In subject JVG curvature 
is also more strongly negative in the first quadrant than in comparable V-saccades. 
Interestingly, this trend does not slop abruptly at the cardinal up direction: even 
vertical saccades in the Φ = 90 deg direction systematically show negative curvature 
whereas V-saccades in this direction are, on average, more nearly straight. 
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We have further compared V- and R-saccade curvature in each of our four subjects 
by plotting the curvature values of corresponding saccade classes (Η,Φ) against each 
other (see Fig. 7). In all subjects, except IMF, a strong correlation emerged. The 
regression line through the data points has a slope close to 1 in subjects CLB and 
JVG (1.09 and 0.99, respectively). In subject PVM this slope (1.21) indicates that , in 
his case, R-saccades tend to be more strongly curved. In subject IMF no significant 
correlation was found. 
4 D i s c u s s i o n 
4.1 General remarks 
Saccades have a reputation of being remarkably stereotyped movements (Carpenter, 
1988). In a given experimental setting there is a relatively fixed relation between the 
metrical properties of the saccade and its dynamic characteristics (Bahill et al., 1975; 
Baloh et al., 1975), but a certain degree of variability among subjects is known to 
exist. 
It weis not a priori obvious that the curvature of spatial saccade trajectories would 
show stereotyped behaviour to the same degree. After all, this property reflects 
the cooperation of various motor subsystems and these might have a certain degree 
of independence in timing and show a limited amount of independent variability. 
We found, however, that saccade curvature, like the dynamic properties of cardinal 
axis saccades, behaved according to a rather stereotyped pattern in each subject. 
Although there is clearly a certain amount of variation among subjects (see Figs. 
2, 3 and 4), the pattern in each subject is relatively fixed, like a signature, and is 
amenable to quantitative description. On the basis of this and other papers (Bahill 
and Stark, 1975, 1977; Viviani et al., 1977; Vilis and Ноге, 1981) we agree with 
Grossman and Robinson (1988) that there is definitely considerable variability from 
one species to another and from one subject to another. We do not think, however, 
that the variability from one saccade to another is so great as to make modelling of 
the central organization of oblique saccades a somewhat arbitrary exercise. With the 
present data at hand, the problem is not so much that it is unclear what needs to 
be explained, but rather that existing models can only account for certain aspects 
of the data (see below). We trust that by highlighting these problems it should be 
possible, in future work, to come forward with more sophisticated models which can 
cope with all challenges simultaneously. These new models should be able to make 
clear how differences in various aspects of saccadic behaviour (such as reflected in 
curvature 'signatures') among species and subjects can be linked together in a more 
comprehensive theory which can account for this rich but reproducible variability. 
The present study shows that human saccades are typically curved. This is true 
for both oblique and cardinal axis saccades. Our finding that even cardinal axis 
saccades may be curved is in accordance with results of Bahill and Stark (1977), 
who found that purely horizontal saccades "usually show crosstalk demonstrated by 
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extraneous, transient vertical components". In an earlier study (Bahill and Stark, 
1977) they had reported that "... 90% of all purely horizontal or purely vertical 
saccades had transient orthogonal components with magnitudes at least 10% of the 
magnitude of the main saccade". Using our curvature measure [Fig. 1 and equation 
(1)] yields an absolute С value of at least 0.1 for the majority of their cardinal axis 
saccades. In our subjects, such large С values were rarely found in cardinal axis 
saccades of comparable amplitude (i.e., less than 5 deg; see Figs. 3 through 6). 
Curved trajectories were shown to occur regularly in larger horizontal and vertical 
saccades as well (Collewijn et al., 1988a,b). Viviani et al. (1977), however, presented 
evidence that horizontal saccades lack the curvature which they did find in saccades 
in all other directions. The fishhook shaped trajectories reported by Thomas and 
O'Beirne (1967) and by Bahill and Stark (1977) were rare in our material. This may 
be due to the smaller saccade size (5 deg or less) investigated by these authors. 
4.2 Similarity of curvature in V- and R-saccades 
Viviani et al. (1977) noticed that the curvature in quick phases of optokinetic nystag­
mus and V-saccades was qualitatively similar. In the present paper we have demon­
strated quantitatively that saccades obtained in the V- and R-paradigms, which 
show quite pronounced differences in their dynamic properties (Smit et al., 1987), 
have quite comparable curvature for saccades with similar metrical properties. Since 
saccade curvature is fully determined by the ratio of horizontal and vertical compo­
nent velocity throughout the movement, it is not obvious why this ratio is relatively 
invariant when the components slow down in a different paradigm. It should be noted 
that Bracewell et al. (1987) presented preliminary evidence that R-saccades, in addi-
tion to being slower, are also systematically more curved than V-saccades. Possibly, 
this different result is related to the fact that these authors used a wider range of 
delays (up to 2000 ms after target offset) before subjects were allowed to make their 
saccade to the remembered location. It is not known how Bracewell et al. evaluated 
the curvature of their saccades but this may also have an effect. We have previously 
reached a similar conclusion when we compared the difference in initial and final di­
rection of the saccade trajectory in both paradigms (Smit and Van Gisbergen, 1987). 
The initial direction was determined by calculating the line connecting eye position 
at saccade onset with the eye position a fixed time (20 ms) later. Mutatis mutandis, 
final direction was calculated using eye position data at saccade offset and 20 ms be­
fore offset. Similar measures have been used by Findlay and Harris (1984) and Van 
Gisbergen et al. (1987). In contrast to the saccades investigated by these authors, 
the present study involved a range of different saccade sizes and directions. In this 
case, using the above criterion brings the dynamic properties of the movement into 
play In order to avoid this complication, we used a purely spatial curvature mea­
sure (see also Methods). With this criterion, we have no evidence that R-saccades 
are more curved (see Fig. 6). This is in agreement with the idea that both R- and 
V-saccades are generated by the same neural map, which is located in the superior 
colliculus (Hikosaka and Wurtz, 1985). 
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Figure 8. Model predictions of curvature. 
Comparison of curvature predictions from three models with experimental data of subject 
CLB (left) and JVG (right). Data from three amplitude classes, from top to bottom· 5, 
15, and 25 deg. Vertical dashed hnes represent cardinal axes; quadrants are indicated by 
Homan numerals Horizontal dashed line (curvature zero) illustrates CS model prediction 
Meaning of other symbols: * experimental data, о I-model prediction, • CPG-model 
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4.3 Model predictions 
We will now discuss to what extent the experimental findings can be accounted for by 
the various models. The curvature predictions of the three models (I, CPG and CS) 
are shown in Fig. 8 together with the corresponding V-saccade data (asterisks). As 
was clear from the outset, the CS-model (horizontal dashed unes at С = 0) is even 
qualitatively unable to match the periodical variations of curvature when saccade 
direction (Ф) is varied. In a qualitative sense, the I-model and the CPG-model are 
more satisfactory in that these models can account for the fact that sarcade curvature 
depends systematically on saccade direction. 
Both models perform very well for small movements in JVG but, in general, it 
is hard to state immediately which of the three models is best simply by comparing 
prediction errors by eye. It is clear from Fig. 8 that, especially at larger saccade 
amplitudes, the I- and CPG-model are generally correct in predicting the sign of 
curvature but err by overestimating the degree of maximum saccade curvature in 
each quadrant. While in the data there tends to be a regular + to — alternation 
when going from one quadrant to the other (Figs. 3 and 4), the I- and CPG-model 
predict curvature variations with a twice higher periodicity. For example in quadrant 
2 of subject CLB (Fig. 8) the data show consistent positive curvature. By contrast, 
both the I- and the CPG-model tend to predict that a change from positive to negative 
curvature occurs within this quadrant. 
4.4 Model evaluation 
Although the performance of the I-model is very poor when saccade dynamics are 
considered (Van Gisbergen et al., 1985; King et al., 1986; Smit et al., 1989), the 
pronounced curvature of human saccades indicates the possibility that the behaviour 
of the components does show some independence. As can be seen in Fig. 8, the 
independent model performs reasonably in subject JVG if we consider only small 
saccades. This may account for the independent behaviour of saccade components 
observed by Bahill and Stark (1977), who studied saccades of 5 deg or less in ampli­
tude. In addition, the observation of Viviani et al. (1977) that the faster time course 
of t he horizontal component dominates the curvature of oblique saccades is faithfully 
reproduced by the I-model in many directions (Fig. 8). In two exceptional quadrants 
(IMF, first quadrant; CLB, third quadrant) we found early dominance of the vertical 
component (Figs. 2, 3 and 4). It appears that this finding cannot be accounted for by 
the I-model. An assumption made in our simulations with the I-model is that bolli 
components had precisely synchronized onsets even though it has been stated that 
small onset differences may exist (King et al., 1986). We found similar component 
oiibet latency differences when we used a fixed (30 deg/s) velocity level as the onset 
prediction Note that curvature depends only slightly on amplitude (compare top row to 
bottom row), whereas the direction dependence is pronounced in the experimental data 
as well as m the I- and CPG-model predictions. 
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Figure 9. Method used to determine optimal λ values for V-saccades in two series of 
simulations with the CPG-model. 
Upper row: subject CLB, third quadrant; lower row: subject JVG, fourth quadrant. The 
left and middle panels show how the component main-sequence parameters V
a
 and AQ 
(Smit et al., 1989) of horizontal (HOR) and vertical (VERT) components in the model 
depended on Д. The simulations started with a λ value of 0,0 and were then performed 
for successively higher values, using increments of 0.05 (as indicated by the arrows). This 
gave rise to a trajectory in the VajAo plane of both components. The λ value which 
yielded the best fit to both components iimiiiianeouiiy is indicated by a heavy dot. The 
experimentally determined value of V
a
 and AQ of each component is indicated by a filled 
circle. 
In a second series of simulations, λ was varied in a similar fashion in order to find the 
optimal λ value for matching the curvature of diagonal saccades in that quadrant. For 
illustrative purposes, the filled circle represents the curvature of small (5 deg) and large 
(30 deg) diagonal saccades in the panels on the right. In assessing the optimal λ value 
for curvature, the model simulations were compared with the mean curvature values of 
5, 10, 15, 20, 25, and 30 deg diagonal saccades simultaneously. The trajectory of model 
simulations as λ was again increased from 0 onward in steps of 0.05 (see arrows) in both 
examples fails to match the data. Note that the optimal value in the case of CLB (upper 
panels) was clearly different for the two types of simulations (component main-sequence: 
optimal λ value = 0.15; curvature: optimal λ value = 0). In the other example, the 
optimal values differed in the other direction (component main-sequence: optimal Λ value 
— 0.30; curvature: optimal λ value = 0.85). 
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criterion. The problem with such a simple criterion is that it automatically leads 
to a later threshold crossing for the slower component even when the actual onset 
moment is the same. From looking at the spatial trajectories it is hard to see clear 
evidence for an onset timing difference. For these reasons, we think it is more safe 
to say, as did Viviani et al., (1977), that it is not really possible to state whether 
timing differences or differences in time course of the two components, or both, are 
responsible for saccade curvature. 
In view of the performance of the I-model, we wondered whether the λ value 
used in the CPG-model simulations, which was optimal for simulating stretching of 
oblique saccade components, might be less suited for simulating saccade curvature. 
In a second series of simulations we determined the λ value which was optimal for 
mimicking the curvature of measured diagonal saccades by applying a least-squares 
error criterion to the curvature values of diagonal saccades in amplitude classes of 
5, 10, 15, 20, 25, and 30 deg simultaneously. We found that the optimal λ value 
for explaining the curvature of diagonal oblique saccades (Ac; all other parameters 
equal) was often strikingly different from the A value which was optimal for simulating 
stretching in the components of these saccades (As; see Table 1). To illustrate the 
procedure, we refer to Fig. 9 which shows the result of raising A in steps of 0.05, 
from zero onward, for both component peak velocity values (left and middle panels) 
and for the curvature of small and large saccades (right-hand panels). The result 
in the top row is typical in that the best curvature predictions were obtained when 
\
c
 = 0. Whereas increasing A improved the model's prediction for diagonal oblique 
saccade component stretching (see left and middle panels, upper row, and Table 1), 
this only aggravated the problem that the model already predicted unrealistically 
high curvature values when A — 0. Only in one exceptional case (bottom row), a 
quadrant with nearly equal horizontal and vertical saccade dynamics (see Table 1), 
we found that a high A value yielded the best curvature results. 
Once the optimal value of A for simulating the curvature of diagonal saccades was 
determined, this parameter (A
c
) was fixed and used to simulate oblique saccades in 
the other directions (in the quadrant under consideration) where we had experimental 
data (sec also Table 1). As can be seen in Fig. 8 (where simulations with As are 
shown), a fair CPG-model prediction in a diagonal direction does not automatically 
give rise to satisfactory prediction in the neighbouring oblique directions within a 
quadrant. Since the results of our second series of simulations showed that the overall 
performance was worse than it had been with the As values used previously (although 
some improvement did occur in subject JVG), this mismatch in some of the other 
oblique directions must have been even greater when A^ was used. As can be seen 
in Table 3, the I-model predictions for subject IMF were worse than in the other 
subjects. This was due to the fact that the curvature of this subject's saccades was 
predominantly positive in the quadrant investigated (the first, see Methods), whereas 
I he I-model (and, to a lesser extent, also the CPG-model) generally predicted negative 
curvature. According to Table 3, the CS-modcl performed best in 3 out of 4 subjects. 
The CPG-model (with Ac) was optimal for predicting the curvature in subject JVG. 
Great care, however, is needed in evaluating these mean-square-errors, in view of the 

























Table 3. Mean-square-errors for model evaluation. 
Mean-square-errors in the predictions of the three models, based upon the mean curvature 
data for each direction in each of our 4 subjects. In the case of the CPG-model, results 
from the simulations with As (see text) are presented. 
qualitative shortcomings of the three models with respect to curvature predictions. 
In our previous study we found that the CPG-model performs better than the 
I-model in predicting peak velocity of oblique saccade components. These data show 
a considerable amount of stretching and by adjusting the crosscoupling factor λ the 
CPG-model can partially account for this phenomenon. This can be seen in Table 
1 where Λ5 exceeds zero in all cases. In the curvature simulations, however, the 
CPG-model runs into trouble in all those quadrants where the orthogonal cardinal 
direction saccades are not equally fast. In these cases, the λ value which is optimal in 
accounting for component stretching leads to component velocity profiles which reach 
their peak velocity at quite different times, resulting in unrealistically curved saccade 
trajectories. Thus, in most quadrants crosscoupling of this type works in the wrong 
direction, instead of solving the problem that the I-model (Λ = 0) predicts already 
too much curvature (Fig. 8). This problem occurs to a much lesser extent when the 
horizontal and vertical pulse generators have (nearly) identical characteristics (B
mt 
and b), as was assumed in the simulations performed by Grossman and Robinson 
(1988). 
4.5 Concluding remarks 
The present analysis shows how the quantitative study of saccade curvature can reveal 
weaknesses in the CS- and CPG-model and calls attention to an independent feature 
in oblique saccade component behaviour which did not come to light in our previous 
study on oblique saccade component dynamics. 
Whereas *He comparison of the three models upon the basis of component peak 
velocities showed the CS-model to be the best predictor, the present curvature study 
yields a less clear picture. Although the CS-model still can bear the comparison with 
I be other models when applying a mean-square-error criterion (see Table 3), the 
model is unsatisfactory in not providing an explanation for the curvature patterns in 
human saccades. 
One of the aspects of the data which is not directly addressed by the models 
considered in this paper is the fact that cardinal axis saccades, too, are often curved. 
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When inspecting Figs. 2-6 it is striking to note that the curvature values of these 
saccades often fit in nicely within the curvature pattern of adjacent oblique saccade 
directions. Our finding that the curvature of these saccades may be clearly different 
in V- and R-saccades of the same subject (see Fig. 6) shows that neural mecha­
nisms must play an important role in producing this behaviour. In principle, the 
CPG-model contains a potential mechanism for explaining curvature in cardinal axis 
saccades. During a vertical saccade, for example, the right and left burst cells both 
would have a certain resting rate which would not yield a horizontal component 
when nicely balanced. It is conceivable, however, that slight dynamical inequalities, 
perhaps provoked by crosscoupling effects, could cause these phenomena. 
Since none of the three models is entirely satisfactory, there appears to be a need 
for the exploration of other models which can account for both aspects of oblique 
saccade behaviour (component stretching and trajectory curvature). Although it is 
clear that the present CPG-model does not meet these requirements, this does not 
mean that the idea behind the model as such is untenable. It is conceivable that it is 
possible to come forward with a variation on the same theme which is less troubled by 
(he need to account for the anisotropy of the saccadic system. An attractive feature 
of the model is that it still has elements of the I-model which allow it, at least in 
principle, to make qualitatively correct predictions of curvature. 
Our previous work (Van Gisbergen et al., 1985; Smit et al., 1989) has underscored 
that any model for the generation of oblique saccades should show strong component 
stretching. The ability to account for these data is the main attractive feature of the 
CS-model. It would be interesting, in future work, to explore whether the Scudder 
model (Scudder, 1988), which yields component stretching in oblique saccades and 
which, by making the MLBs in the model slightly nonlinear, can generate curved 
oblique saccades, has the potential to meet these challenges. This is clearly a project 
on its own which is beyond the scope of the present study. Another possibility which 
has not been explored in this study is to assume different transfer functions for the 
horizontal and vertical plant, which also allows the possibility of curved saccades 
(Tweed and Vilis, 1985). In this paper we have concentrated on providing a sound 
data base and on revealing the virtues and shortcomings of existing models of the 
saccadic system which specifically address several aspects of oblique saccade genera-
lion. 
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Summary 
... I sat down again. Although I had read numerous accounts of it, none of them had 
prepared me for the experience as I had lived it, and I felt somehow changed. 
Stanislaw Lem 
Because the retina is highly inhomogeneous, detailed inspection of an object in the 
periphery of the visual field requires a reorientation of gaze. If the desired gaze 
shift is not too large, this is accomplished by making a fast eye movement, which 
is called a saccade. The output of the saccadic system is not merely determined by 
the physical properties of the input stimulus, but depends also on the specific task 
assigned to the system through instruction. Thus, the system can be studied by 
varying the stimulus characteristics as well as by using different sets of instructions. 
In this thesis, we have investigated several aspects of the human saccadic system by 
using a set of experimental paradigms. When the subject is asked to make a saccadic 
eye movement to a peripheral visual target, the response is known to be fast and 
highly reproducible. When the target makes predictable movements for a while, the 
timing of the response changes gradually, showing that saccades can be affected by 
internally generated signals anticipating the future stimulus trajectory. In addition to 
these visually-guided and predictive saccades, we have also studied saccades guided 
by memory (i.e., movements toward a briefly presented peripheral stimulus which 
is no longer there) as well as rapid eye movements requiring cognitive processing 
(movements away from a peripheral cue stimulus). As explained below, the results 
show that there is a strong task dependence in the dynamic properties of saccades. 
By contrast, in other respects these saccades are strikingly similar. An attempt is 
made to relate this combination of task-related variability and of task-independent 
invariant aspects of the saccadic response to what is known of the organization of 
the neural system that controls them. 
In order to get acquainted with the neural apparatus underlying the generation 
of saccadic eye movements, Chapter I provides a description of several structures 
known to play a role in this process. Here we outline the various paths of the visual 
signal from the retina through several cortical and/or subcortical structures, as well 
as some existing ideas on how the transformation of this signal into the command 
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signals for the eye muscles may occur. In addition, a brief discussion of functional 
as well as behavioural aspects of the saccadic system is presented. In this overview, 
comparatively much room is devoted to the peripheral part of the saccadic system, 
where the transformation from the internal representation of the target to the actual 
motor commands for the eye muscles is realized. 
The signal transformations in the saccadic system are not simply implemented 
by a single pathway in the central nervous system connecting the retina and the eye 
muscles. On the contrary, the central part of the system is seen to be widely dis-
tributed in a mixed serial/parallel architecture incorporating many reciprocal con-
nections, which yields a variety of alternative paths. The fact that several nodes in 
this network seem to play functionally distinct roles could only be discovered through 
extensive electrophysiological experiments in which the task executed by the animal 
was varied. For example, several neural subsystems have been found to be involved 
in the generation of purposive saccades, whereas they apparently have nothing tò do 
with the control of so-called spontaneous eye movements which are observed in the 
absence of task-related behaviour. The signals originating in this distributed central 
part of the saccadic control system converge in the so-called final common pathway, 
which is thought to extend from the superior colliculus downward to the eye muscles 
and to convey all saccadic command signals regardless of their origin. 
For a long time, the characteristics of saccadic eye movements were thought to be 
always identical, irrespective of task conditions. Recently, this picture has changed. 
In the monkey, for example, saccades made to remembered targets have been shown 
to be slower than visually-guided saccades. Interestingly, it has been possible to 
change these properties: chemical manipulation of the monkey superior colliculus 
can slow down visually-guided saccades which are normally fast. By contrast, using 
a different chemical, saccades to remembered targets can become as fast as visually-
guided saccades. These findings suggest that the differences in saccadic properties, 
occurring in several task conditions, may be related to differences in involvement and 
activity levels of various neural subsystems. 
One of the major signal transformations in the saccadic system entails that a spa-
tially coded signal specifying the desired saccade vector is transformed to temporally 
coded signals driving the motoneuron pools of the six extraocular eye muscles. In the 
superior colliculus, a desired saccade vector signal is generated by ensemble coding in 
a neural map, which is organized in a polar coordinate system. In a process known 
as pulse generation, this position signal is transformed into the velocity-related pulse 
command signal of saccadic burst neurons. An important aspect of the pulse gener-
ation process is that its characteristics are nonlinear. If the pulse generator(s) were 
linear, the saccadic pulse would always have the same duration, and differ only in 
height. As a consequence of the nonlinearity, saturation occurs and burst duration in 
the burst cells increases with movement amplitude. This behaviour poses an inter-
esting problem if the populations of horizontal and vertical burst cells are required 
to cooperate in the execution of an oblique saccade with components of unequal am-
plitude. In this thesis, we have investigated three quantitative models, two of which 
employ crosscoupled populations of horizontal and vertical burst cells, whereas the 
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third model proposes independent behaviour of the horizontal and vertical subsys-
tems. All three models assume that the cooperation of the orthogonal subsystems 
in oblique saccades occurs in the final common pathway. If correct, this would lead 
one to expect basic similarities in properties of oblique saccades that have been initi-
ated by different higher level structures and are known to behave differently in other 
respects (i.e., visually-guided saccades vs. saccades to remembered targets). This 
problem, which has not been addressed before, is the subject of part of this thesis 
(Chapters IV and V). 
Work in this thesis confirms that human saccadic eye movements made to visual 
targets are fast and stereotyped and shows that saccades to remembered targets and 
saccades away from a visual cue stimulus (anti-saccades) are quite different in their 
dynamic properties (Chapter II). These saccade types exhibit considerably more met-
rical variability, are slower and have longer durations than visually guided saccades. 
Moreover, the shape of the velocity profiles for saccades of a given amplitude is more 
asymmetric (skewed). Although, on the basis of visually-guided saccade data, it 
has been suggested in the literature that this shape is related to the amplitude of 
the movement, more recent experiments including pharmacologically slowed visually-
guided saccades seem to indicate that duration is the relevant parameter. Since our 
experimental paradigms yield a wide range of durations for each saccade amplitude, 
we are able to show conclusively that the skewness/duration relationship is an in-
variant characteristic of all saccades elicited in our various conditions. Thus, while 
saccades of equal amplitude may have quite different skewness values, saccades of 
equal duration have similar skewness. These results cannot be explained on the basis 
of a fixed nonlinear relationship between the distance that the eye still has to go 
and the instantaneous activity of the pulse generator. Such an invariant pulse gen-
erator characteristic plays an important role in the commonly used Robinson model. 
Rather, in terms of this model, it appears from our results that the pulse generator 
in the model may have a gain which is task dependent. Since the amplitude/peak ve-
locity relationship of saccades to remembered targets and of anti-saccades still shows 
saturation (Chapters II and IV), the pulse generator characteristic has to remain 
highly nonlinear even when its gain is clearly lower. Similarly, no existing model 
is able to account for the invariant duration/skewness relationship revealed by our 
data. On the basis of data from the literature, the task dependent differences in 
dynamic properties are ascribed to different higher neural pathways recruited in the 
various experimental paradigms, which ultimately may create different input signals 
to the final common pathway. These literature data seem to indicate that the site 
of convergence for the different saccadic pathways may be located at the level of the 
superior colliculus. This idea has been employed in the interpretation of our data in 
Chapter II. 
We confirm recent evidence that predictive saccades, which are initiated before the 
anticipated target moves, are slower than saccades made in the presence of a visual 
target (Chapter III). This finding is reminiscent of the slowness in remembered target 
saccades and anti-saccades, which are also nonvisually guided (Chapter II). Further-
more, we show, again in line with our findings in Chapter II, that the decrease in 
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velocity of predictive saccades is accompanied by an increase in the asymmetry of the 
velocity profile (Chapter III). In the oculomotor literature, the minimimum latency 
of visually-guided saccades in the human has been found to be about 100 ms. This 
value was determined after predictive saccades had been eliminated, necessitating 
procedures for the recognition of these saccades by some criterion other than latency. 
In our experiments, the transition from slower predictive saccades to faster saccades 
occurs after an unexpectedly short latency (about 50 ms after peripheral stimulus 
onset). On the basis of data from the literature, we consider it unlikely that these 
earliest fast saccades, which also appear to have more symmetrical velocity profiles, 
are in fact guided by the visual stimulus. Instead, we propose that visual information 
can influence the state of the pulse generator and thereby affect the dynamic» of a 
saccade whose metrics have already been determined by the (higher level) predictive 
system (see Chapter III). On the basis of electrophysiological data from the literature 
we suggest that the superior colliculus is a plausible candidate for the locus of inter-
action of the visual signal with the saccadic command signal generated elsewhere in 
the saccadic system. It is argued that the peak velocity transition latency is most 
parsimoniously explained as the sum of afferent and efferent delays in this system. 
The cooperation of the horizontal and vertical saccadic subsystems during the 
execution of fast and slow saccades in several oblique directions is investigated in 
Chapters IV and V by eliciting (fast) visually-guided saccades and (slow) saccades 
to remembered targets. If a saccade component of a given size is executed in the 
presence of an orthogonal component, i.e., when the saccade vector has an oblique 
direction, both its peak velocity and duration are affected in proportion to the size 
of the other component (and hence depend on the direction of the oblique saccade). 
This phenomenon, known as stretching, is found to be quite similar in both fast and 
slow saccades, despite the differences in saccade dynamics (Chapter IV). Moreover, 
saccade dynamics depend on saccade direction in a similar fashion in both saccade 
typos. These findings support the notion that these processes occur in the final 
common pathway, thus bestowing common characteristics upon saccades which ul-
timately have quite different neural origins and differ in other respects (see above). 
We also demonstrate, in Chapter IV, that the so-called main-sequence curves of sac-
cades in different directions (plots of peak velocity against amplitude) have different 
shapes, resulting in a bundle of curves which fan out at large amplitude values: the 
initial portion of these curves are nearly identical. It is argued that this implies a 
fixed ratio between the angular constant and asymptote parameters of the curves. 
Indeed, it turns out that there is a straight-line relationship between the two param-
eters of main-sequences in many directions, although the intercept on the ordinate 
of the scatter plot indicates the absence of a fixed ratio. This relationship is less 
pronounced in slow saccades. Finally, we show that quantitative predictions from a 
model with independent but synchronized pulse generators fails utterly to match the 
oblique saccade data, whereas two other models having coupled pulse generators (as 
outlined briefly in Chapter I and more thoroughly in Chapter IV) perform clearly 
better. 
Interestingly, the predictions provided by one of the latter models, which assumes 
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the existence of a vectorial pulse generator, are surprisingly good despite the fact that 
this model is marred by its prediction of straight saccade trajectories, even though 
human saccades are known to be curved. The coordination between the horizontal 
and vertical subsystems is also reflected in the spatial trajectory of the saccade. For 
the first time, we present an extensive quantitative set of data on the relation between 
saccade curvature and the metrical properties of the saccade vector (amplitude and 
direction). Saccade curvature was calculated from the same set of experimental data 
which was used in Chapter IV. Despite consistent individual differences, in most cases 
the saccade trajectory reflects early dominance of the horizontal velocity signal, indi-
cated by the fact that most saccades curve away from the horizontal axis. This leads 
to periodical increases and decreases in curvature when curvature is plotted against 
saccade direction (Chapter V), whereas no clear dependence on saccade amplitude 
is seen. These idiosyncratic direction-dependent patterns which are quite similar in 
fast and slow saccades. This finding is proposed to be the consequence of a common 
peripheral neural system operating on commands of different provenance. 
Quantitative predictions of saccade curvature from all three models studied in 
Chapter V are found to be unsatisfactory for different reasons. The model based 
on a vectorial pulse generator predicts straight saccades in all directions, while both 
other models tend to exaggerate the amount of curvature. This new body of data on 
the curvature of oblique saccades and the results of the model simulations put clear 
constraints on future two-dimensional models of saccade generation. A more satis-
factory model will have to produce the strong coupling between saccade components 
as well as realistically curved saccade trajectories. 
In sum, work presented here shows that visually-guided saccades and nonvisually 
guided saccades (e.g. to remembered targets and anti-saccades) differ considerably in 
their dynamic properties (Chapter II). We propose that these differences are the con-
sequence of different neural origins of the saccadic control signals in these paradigms. 
Although the signals controlling these saccades share the final common pathway, 
their different neural origin remains visible in the saccadic properties. Thus, the 
dynamic characteristics are not simply generated by a fixed pulse generator in the 
final common pathway, which supposedly deals with all saccadic control signals in 
an identical fashion, irrespective of their origin. On the other hand, the fact that , 
despite these differences, the different saccade types obey similar skewness/duration 
relationships (Chapter II), have a common velocity anisotropy (Chapter IV), exhibit 
equally strong crosscoupling between oblique saccade components (Chapter IV), and 
have comparable spatial trajectories (Chapter V), suggests the possibility that this 
set of properties is imparted by the final common pathway. After being initiated in 
different neural structures, the control signals are thought to converge more periph-
erally, and finally to be channelled to the saccadic burst cells and the oculomotor 
neurons. In view of the fact that a large range of saccade types has been shown to be 
mediated by the superior colliculus (Chapter I), this convergence of saccadic control 
signals may take place at this level. 

Samenvatting 
Ik ging weer zitten, maar dit verschijnsel dat ik in theorie zo goed kende en dat ik nu had 
uitgelokt, had me wel wat gedaan ... 
Stanislaw Lem 
Als we een voorwerp aan de rand van ons gezichtsveld goed willen zien is een verande-
ring van de kijkrichting nodig omdat de retina sterk inhomogeen is en dientengevolge 
de gezichtsscherpte niet constant is voor het gehele gezichtsveld. Indien de gewenste 
verandering van kijkrichting niet te groot is wordt dit doorgaans bereikt door een 
snelle oogbeweging (joccode) te maken. De output van het saccadische systeem wordt 
niet alleen bepaald door de fysische eigenschappen van de stimulus, maar hangt ook 
af van de precieze taak waartoe het systeem geïnstrueerd wordt. Het systeem kan 
derhalve onderzocht worden zowel door het veranderen van de stimuluseigenschappen 
alsook door het gebruik van verschillende soorten instructies. In dit proefschrift wor-
den verscheidene eigenschappen van het menselijke saccadische systeem onderzocht 
door middel van een reeks van experimentele paradigmata. Het is bekend dat wan-
neer aan een proefpersoon wordt gevraagd om een saccadische oogbeweging te maken 
naar een perifeer visueel doel, de reactie snel en zeer reproduceerbaar is. Als het doel 
gedurende enige tijd voorspelbare bewegingen maakt verschuift het beginmoment van 
de saccades geleidelijk naar voren t.o.v. het moment van de stirnulusbeweging. Uit 
deze gegevens blijkt dat saccades beïnvloed kunnen worden door intern opgewekte 
signalen die op het toekomstige verloop van de stimulus anticiperen. Naast deze 
visueel geleide en predictieve saccades hebben we ook geheugengestuurde saccades 
(bewegingen naar een doel dal niet langer aanwezig is) bestudeerd alsmede snelle oog-
bewegingen waarvan de sturing cognitieve verwerking noodzakelijk maakt (bijvoor-
beeld anti-saccades: bewegingen in een richting tegengesteld aan die van een perifere 
lichtstimulus). Zoals hierna toegelicht zal worden laten de uitkomsten zien dat de dy-
namische eigenschappen van saccades taakafhankelijk zijn. In tegenstelling hiermee 
vertonen deze saccades in andere opzichten opvallende overeenkomsten. Wij hebben 
geprobeerd deze combinatie van taakafhankelijk variabiliteit en taak-onafhankelijke 
invariante eigenschappen van saccades in verband te brengen met bestaande kennis 
omtrent het neurale systeem dal deze saccades stuurt. 
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Teneinde vertrouwd te raken met dat deel van het brein dat betrokken is bij 
het maken van saccadische oogbewegingen, wordt in Hoofdstuk I een beschrijving 
gegeven van een aantal neurale structuren waarvan men weet dat zij hierin een rol 
spelen. In dit hoofdstuk schetsen we de verschillende wegen die het visuele signaal 
vanuit de retina via diverse corticale en/of subcorticale structuren kan volgen. Tevens 
beschrijven we enkele bestaande ideeën aangaande de wijze waarop dit visuele signaal 
omgezet kan worden in een stuursignaal voor de oogspieren. Ter afsluiting volgt 
een korte beschrijving van enkele functionele en gedragsmatige aspecten van het 
saccadische systeem. In dit overzicht wordt relatief veel plaats ingeruimd voor het 
perifere deel van het saccadische systeem, waar de omzetting plaatsvindt van een 
interne representatie van het doel naar de feitelijke bewegingscommando's voor de 
oogspieren. 
De signaalomKettingen in het saccadische systeem worden niet eenvoudigweg be-
werkstelligd via één enkele route in het brein, die de retina met de oogspieren ver-
bindt. Integendeel, het centrale deel van het systeem is verdeeld over verschillende 
deelsystemen in een gemengd serieel/parallelle schakeling met vele wederkerige ver-
bindingen, hetgeen resulteert in een scala van alternatieve routes. De onderscheiden 
functies van verschillende knopen in dit netwerk konden slechts ontdekt worden door 
uitgebreide electrofysiologische experimenten waarbij de taak die het dier moest uit-
voeren gevarieerd werd. Zo bleken verschillende neurale deelsystemen betrokken te 
zijn bij het maken van willekeurige saccades, terwijl zij kennelijk geen rol spelen bij 
de sturing van zogenaamde spontane oogbewegingen, die optreden wanneer het dier 
niet met een extern opgelegde specifieke taak bezig is. De signalen die ontstaan in dit 
centrale deel van het saccadische stuursysteem komen samen in de zogenaamde 'final 
common pathway' (de gemeenschappelijke eindroule). Deze geleidt alle saccadische 
stuursignalen, ongeacht hun oorsprong, en algemeen wordt aangenomen dat deze zich 
uitstrekt van de colliculus superior tot de oogspieren. 
Men heeft lang gedacht dat de eigenschappen van saccadische oogbewegingen 
altijd gelijk zijn en niet afhangen van de omstandigheden waaronder zij gemaakt 
worden. De laatste jaren is deze opvatting veranderd. Bij de aap is bijvoorbeeld 
aangetoond dat gcheugengestuurde saccades trager zijn dan visueel geleide sacca-
des. Het bleek mogelijk deze eigenschappen te wijzigen: visueel geleide saccades, 
die normaal gesproken snel zijn, worden traag na een farmacologische ingreep in de 
colliculus superior van het dier. Als daarentegen een ander farmacon gebruikt wordt, 
zien we geheugengestuurde saccades die even snel zijn als visueel geleide saccades. 
Dit alles roept de gedachte op dat de verschillen in saccadische eigenschappen, zo-
als die optreden onder verschillende omstandigheden, te maken kunnen hebben met 
een verschillende mate van betrokkenheid en verschillen in activiteit van de diverse 
neurale deelsystemen. 
Eén van de belangrijkste signaaltransformaties in het saccadische systeem is de 
omzetting van een spatieel gecodeerd signaal, dat de gewenste saccadevector speci-
ficeert, naar temporeel gecodeerde signalen die de motoneuronenpopulaties van de 
7cs oogspieren sturen. Het signaal voor de gewenste saccadevector wordt gegene-
reerd in de colliculus superior door middel van ensemble codering in een neurale 
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kaart, die gecodeerd is in polaire coördinaten. Dit positiesignaal wordt omgezet in 
snelheid-gerelateerde puls-stuursignalen van de saccadische burstcellen. Een belang-
rijk aspect van deze zogenaamde pulsgeneratie is dat het een niet-lineair proces is. 
Als de pulsgeneratoren lineair waren zou de saccadische puls altijd even lang duren 
en alleen variëren in sterkte. Als gevolg van de niet-lineariteit treedt verzadiging op 
en duurt de burst van de burstcellen langer naarmate de beweging groter is. Dit 
verschijnsel levert een interessant probleem op wanneer de horizontale en verticale 
burstcel populaties moeten samenwerken bij de uitvoering van een schuine saccade 
met componenten van ongelijke grootte. In dit proefschrift hebben we drie quanti-
tatieve modellen voor het maken van saccades in twee dimensies onderzocht. Twee 
van deze modellen maken gebruik van gekoppelde populaties van horizontale en ver-
ticale burstcellen, terwijl het derde model uitgaat van onafhankelijk gedrag van de 
horizontale en verticale kanalen. In alle drie modellen wordt aangenomen dat de 
samenwerking van de orthogonale deelsystemen tijdens schuine saccades in de final 
common pathway plaatsvindt. Als dit idee juist is mogen we zekere overeenkomsten 
verwachten in de eigenschappen van schuine saccades die door verschillende hoger 
gelegen structuren zijn geïnitieerd en waarvan men weet dat ze in andere opzichten 
verschillen (bijvoorbeeld visueel geleide saccades en geheugengestuurde saccades). 
Dit probleem, dat nog niet eerder is aangepakt, is het thema van een deel van dit 
proefschrift (Hoofdstukken IV en V). 
De resultaten die in dit proefschrift zijn beschreven bevestigen dat menselijke 
saccadische oogbewegingen naar visuele doelen snel en stereoliep zijn en laten zien 
dat geheugengestuurde saccades en saccades die van een visuele stimulus af gericht 
zijn (anti-saccades) duidelijk verschillende eigenschappen hebben (Hoofstuk II). Deze 
laatste vertonen aanzienlijk meer variabiliteit in hun metriek, zijn trager en duren 
langer dan visueel geleide saccades. Bovendien is hier ook de vorm van de snel-
heidsprofielen bij saccades van gelijke grootte meer asymmetrisch (schever). Hoewel 
er in de literatuur aan de hand van gegevens van visueel geleide saccades gesug-
gereerd is dat deze vorm gekoppeld is aan de grootte van de beweging wijzen meer 
recente experimenten, waarbij ook op farmacologische wijze vertraagde saccades wer-
den onderzocht, er op dat de saccade-duur de relevante parameter is. Aangezien onze 
experimentele paradigmata een groot bereik aan duren hebben opgeleverd voor elke 
sarcadegrootte hebben we kunnen aantonen dat het scheefheid/duur verband een 
invariante eigenschap is van alle saccades die in deze omstandigheden worden ge-
maakt. Terwijl saccades van gelijke amplitude zeer verschillende scheefheidswaardes 
kunnen hebben, is de scheefheid van saccades met dezelfde duur vrijwel gelijk. Deze 
bevindingen kunnen niet verklaard worden aan de hand van een vast niet-lineair ver-
band tussen de afstand die het oog nog moet afleggen en de instantane activiteit 
i'an de pulsgenerator. Een dergelijke invariante pulsgenerator speelt een belangrijke 
rol in het veel gebruikte Robinson model. Gezien in termen van dit model wijzen 
onze resultaten op de mogelijkheid dat de respons-sterkte van de pulsgenerator taak-
afhankelijk kan zijn. Aangezien het verband tussen amplitude en pieksnelheid van 
geheugengestuurde en anti-saccades nog steeds verzadigt (Hoofdstukken II en IV) 
blijft de karakteristiek van de pulsgenerator sterk niet-lineair, zelfs wanneer de gain 
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duidelijk lager is. Ook kan geen enkel bestaand model een verklaring bieden voor 
het invariante verband tussen duur en scheefheid, dat aanwezig is in onze gegevens. 
Op basis van literatuurgegevens menen wij de taakafhankelijke verschillen in dyna-
mische eigenschappen te kunnen toeschrijven aan de verschillende hogere neurale 
systemen die geactiveerd worden in deze experimentele paradigmata, en die uitein-
delijk verschillende inputsignalen kunnen genereren voor de final common pathway. 
Deze literatuurgegevens üjken er op te wijzen dat de verschillende routes van het 
saccadische systeem samen zouden komen op het niveau van de colliculus superior. 
Dit idee is gebruikt bij de interpretatie van onze gegevens in Hoofdstuk II. 
We bevestigen recente aanwijzingen dat predictieve saccades, die al starten vóór 
het geanticipeerde doel beweegt, trager zijn dan saccades die in aanwezigheid van 
een visueel doel gemaakt worden (Hoofstuk III). Deze bevinding doet denken aan de 
traagheid van geheugengestuurde en anti-saccades, die immers eveneens niet-visueel 
geleid zijn (Hoofdstuk II). Bovendien laten we zien, opnieuw in overeenstemming 
met onze resultaten in Hoofdstuk II, dat de afname in snelheid van deze predictieve 
saccades gepaard gaat met een toename in de asymmetrie van het snelheidsprofiel 
(Hoofdstuk III). De kortste latentietijd die in de oogbewegingsliteratuur wordt op-
gegeven voor visueel geleide saccades bij de mens ligt bij ongeveer 100 ms. Deze 
waarde werd gevonden nadat predictieve saccades waren geëlimineerd, hetgeen een 
procedure vergde voor de herkenning van deze saccades aan de hand van een crite-
rium dat niet gebaseerd was op latentietijd. In onze experimenten treedt de overgang 
van trage predictieve saccades naar snellere saccades al op na een onverwacht korte 
latentietijd (ongeveer 50 ms na het aangaan van de perifere stimulus). Aan de hand 
van gegevens uit de literatuur lijkt het ons onwaarschijnlijk dat deze vroegste snelle 
saccades, die tevens meer symmetrische snelheidsprofielen hebben, echt geleid worden 
door de visuele stimulus. In plaats daarvan veronderstellen wij dat visuele informatie 
de toestand van de pulsgenerator kan beïnvloeden en daardoor ook de dynamtca van 
een saccades waarvan de metriek reeds bepaald is door het (meer centrale) predictieve 
systeem (zie Hoofdstuk III). Op grond van electrofysiologische gegevens uit de lite-
raluur is de colliculus superior een aannemelijke kandidaat voor de plaats waar hel 
visuele signaal aangrijpt op het saccadische stuursignaal dat elders in het saccadische 
systeem gegenereerd is. Wij voeren argumenten aan voor het idee dat de latentietijd 
van de overgang in pieksnelheid het eenvoudigst verklaard kan worden als de som van 
efferente en afferente looptijden in dit systeem. 
De samenwerking van de horizontale en verticale deelsystemen tijdens de uitvoe-
ring van snelle en trage saccades in verscheidene schuine richtingen wordt bestudeerd 
in Hoofdstukken IV en V door het uitlokken van (snelle) visueel geleide saccades 
en (Irage) geheugengestuurde saccades. Wanneer een saccade-component van een 
gegeven grootte wordt uitgevoerd in aanwezigheid van een orthogonale component, 
m.a.w. als er sprake is van een schuine saccade, dan worden zowel de pieksnelheid 
аіь de duur van die component sterker beïnvloed naarmate de andere component 
groter is (en hangen daarmee af van de richting van de saccade). Dit verschijnsel, 
dat in de Angelsaksische literatuur 'stretching' genoemd wordt, blijkt in gelijke mate 
op te treden in snelle en trage saccades, ondanks de verschillen in saccade dyna-
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mica (Hoofdstuk IV). Voorts hangt ook de dynamica van beide saccade-typen op 
vergelijkbare wijze af van de saccade-richting. Deze bevindingen ondersteunen de 
gedachte dat deze processen optreden in de final common pathway, waarbij saccades 
die een zeer verschillende neurale oorsprong hebben en in andere opzichten van elkaar 
verschillen (zie boven) toch gemeenschappelijke eigenschappen krijgen. We laten in 
Hoofdstuk IV tevens zien dat de zogenaamde main-sequence krommen (grafieken van 
pieksnelheid tegen amplitude) van saccades in verschillende richtingen onderscheiden 
vormen hebben, hetgeen zich manifesteert als een bundel van krommen die uitwaaie-
ren bij grote amplitudes; het beginstuk is bij deze krommen nagenoeg identiek. Wij 
maken aannemelijk dat dit verschijnsel er op wijst dat de verhouding tussen hoekcon-
stante en asymptoot bij deze krommen een vaste waarde heeft. Er blijkt inderdaad 
een rechtlijnig verband te bestaan tussen de beide parameters voor main-sequences 
in vele richtingen, hoewel het intercept op de y-as van de scatterplot aangeeft dat er 
geen sprake is van een vaste verhouding. Dit verband is minder uitgesproken bij trage 
saccades. Tenslotte zal blijken dat quantitatieve voorspellingen van een model met 
onafhankelijke, gesynchronizeerde pulsgeneratoren de plank volledig misslaat bij ver-
gelijking met onze experimentele gegevens over schuine saccades, terwijl twee andere 
modellen die gebruik maken van gekoppelde pulsgeneratoren (zoals kort besproken 
in Hoofdstuk I en grondiger in Hoofdstuk IV) het duidelijk beter doen. 
Interessant is dat de voorspellingen van één van deze laatste modellen, dat een tiec-
toTiêle pulsgenerator postuleert, verrassend goed uitvallen ondanks de tekortkoming 
van dit model; immers, dit model voorspelt rechte saccade-banen, hoewel bekend is 
dat menselijke saccades gekromd zijn. De coördinatie van de horizontale en vertical 
deelsystemen wordt ook weerspiegeld in de ruimtelijke baan van de saccade. Wij 
presenteren voor de eerste maal in de literatuur een uitgebreide quantitatieve reeks 
gegevens over het verband tussen saccade kromming (curvature) en de metrische 
eigenschappen (grootte en richting) van de saccade vector. De curvature waarden 
werden berekend voor dezelfde reeks van gegevens die gebruikt werd in Hoofdstuk 
TV. Ondanks zekere consistente verschillen tussen proefpersonen laat de baan van de 
saccade in de meeste gevallen in de beginfase een overheersing van het horizontale 
snelheidssignaal zien, hetgeen tot uiting komt in het feit dat de meeste saccades van 
de horizontal as af buigen. Dit geeft aanleiding tot periodieke toe- en afnames in 
curvature wanneer deze parameter wordt uitgezet tegen saccade-richting (Hoofdstuk 
V), terwijl er geen duidelijk verband is met saccade amplitude. Deze karakteristieke 
richtingsafhankelijke patronen vertonen sterke overeenkomsten bij snelle en trage sac-
cades. Wij menen dat dit het gevolg is van de werking van een gemeenschappelijk 
perifeer neuraal systeem op signalen van verschillende oorsprong. 
Quantitatieve voorspellingen voor saccade curvature, geleverd üoor de drie mo-
dellen die in Hoofdstuk V worden bestudeerd, blijken om verschillende redenen onbe-
vredigend te zijn. Het model dat uitgaat van een vectoriële pulsgenerator voorspelt 
rechte saccades in alle richtingen, terwijl de beide andere modellen de mate van curva-
ture overdrijven. Onze nieuwe experimentele gegevens over de curvature van schuine 
saccades en de resultaten van de modelberekeningen leveren duidelijke randvoorwaar-
den op voor toekomstige twee-dimensionale modellen voor de generatie van saccades. 
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Een beter model zal zowel de sterke koppeling tussen saccade-componenten alsook 
de kromming van saccade-banen op bevredigende wijze moeten verklaren. 
Samenvattend laten wij in dit proefschrift zien dat visueel geleide saccades en niet-
visueel geleide saccades (bijvoorbeeld geheugengestuurde saccades en anti-saccades) 
aanzienlijk verschillen in hun dynamische eigenschappen (Hoofdstuk II). We oppe-
ren de mogelijkheid dat deze verschillen het gevolg zijn van verschillen in de neurale 
oorsprong van de saccadische stuursignalen in deze paradigmata. Hoewel de signalen 
die deze saccades sturen alle via de final common pathway lopen, blijft hun verschil-
lende neurale oorsprong zichtbaar in de eigenschappen van de resulterende saccades. 
De dynamische eigenschappen worden dus niet eenvoudigweg gegenereerd door een 
vaste pulsgenerator in de final common pathway, die alle saccadische stuursignalen 
op gelijke wijze zou afhandelen, ongeacht hun oorsprong. Aan de andere kant roept 
het feit dat, ondanks deze verschillen, de diverse sacccadetypen een vergelijkbaar 
verband laten zien tussen scheefheid en duur (Hoofdstuk II) , een gemeenschappelijke 
snelheids-anisotropie hebben (Hoofdstuk IV), een sterke snelheidskoppeling tussen 
componenten van schuine saccades tonen (Hoofdstuk IV) en vergelijkbare banen heb-
ben (Hoofdstuk V) de gedachte op dat deze combinatie van eigenschappen in de final 
common pathway zijn beslag krijgt. Nadat ze in verschillende neurale structuren 
zijn ontstaan, worden de stuursignalen geacht op een meer perifeer niveau samen te 
komen om uiteindelijk naar de saccadische burstcellen en de oculomotor neuronen 
te gaan. Gezien het feit dat de colliculus superior bij een groot aantal saccadetypen 
actiefis (Hoofdstuk I), ligt het voor de hand te veronderstellen dat de final common 
pathway tenminste ter hoogte van de superior colliculus begint. 
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Precise recording of 
eye movements. 
The method of the scleral induction coil in a magnetic 
field offers unique advantages: 
• Excellent stability and resolution 
• Simultaneous recording of horizontal and vertical 
position of one or both eyes, and torsion, 
• Functions in light and darkness, with open or closed eyes 
• Subjects can wear corrective spectacles. 
• Easy set-up and calibration procedure 
• Oscillator frequency 20 KHz ^ И 
• Coil systems. ^ ^ ? 
The scleral coils are embedded in annuii which fit all normal adult human eyes. ^ ^ P 
^л^нлиМ 
Recordings or vertical (upper trace) and horizontal (lower trace) eye position Fig 1 fixation of a stationary point target 
Fig 2and3 pursuit of a circular target motton with an amplitude of 10 and 1 deg respectively 
Sensitivity 1 division is 15mm arc (Fig 1 and 3) or 2 S deg (Fig 2) Time marks (seconds) at bottom 
Skater instrumenten b ν 
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Ρ O BOK 233. 2600 AE Delft The Netherlands 
Telephoneint + 3 1 ( 0 ) 1 5 619494 
Telex 20010 pms nl/skalar 
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Stellingen 
behorende bij het proefschrift 
A quantitat ive analysis of the human saccadic s y s t e m 
in different exper imental paradigms 
I 
De mate van stereotypie van de menselijke saccadische oogbeweging is afhankelijk 
van het experimentele paradigma waarmee de beweging wordt uitgelokt. 
Dit proefschrift 
I I 




Bij alerte, niet gedrogeerde, neurologisch gezonde proefpersonen kunnen op reprodu-
ceerbare wijze trage saccades worden opgeroepen. 
Dit proefschrift 
I V 
De opvatting dat de dinosauriërs warmbloedig waren zal nog vaak de gemoederen 
verhitten. 
Adrian Desmond: The hot-blooded dinosaurs. 
Robert Bakker: The dinosaur heresies. 
V 
Door de opkomst van de chaoswiskunde blijken vele complexe processen overzichtelijk 
te worden. 
V I 
Bij fabricage en gebruik van computer-hardware zien wij een sterk verband tussen 
compatibiliteit en comptabiliteit. 
VI I 
Het meest verkochte autotype uit de geschiedenis (de VW Kever) is wellicht niet 
toevallig vernoemd naar het meest succesvolle taxon uit het dierenrijk. 
ш 
De slagvaardigheid van Exxon bij de bestrijding van de gevolgen van de recente ramp 
met de supertanker Exxon Valdez heeft het in reclame-ui tingen opgeroepen imago 
van deze multinational veranderd in een papieren tijger. 
DC 
Het voeren van een hetze tegen een boek dat de eigen opvattingen van een bepaalde 
groep (al dan niet vermeend) aantast werkt verkoopbevorderend zowel voor het ver­
ketterde boek alsook voor de literatuur waarin die eigen opvattingen verwoord zijn. 
X 
Het gevoel van Europese eenheid wordt bevorderd door reeds vóór maar toch zeker 
na het wegvallen van de grenscontroles binnen de EEG in 1992 aan treinreizende 
grensarbeiders de mogelijkheid te bieden op één abonnement te forenzen. 
X I 
De belangrijkste werktuigen van de bureaucratie zijn het kastje en de muur. 
X I I 
Om verwarring te voorkomen gebruikt de Nederlander de telefoon in plaats van de 
verspreker. 
X I I I 
He that knoweth all is a wise guy. 
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